
COpyL of J_.. COMIES/

REPORT NO. SN.64-1

*0D

IAND.PASS
SHOCK ABSORBER STUDIES

4 April 1964

Qualified requesters may obtain
copies of this report direct from
DDQS

Prepared Under luWeps Contract No. V'4w 60-0313-C
by the

)IAmalythul MeIh@Nlcs Depertment Dt
"GlodiX Predifte Aseropece Divisin DD

The Bendix Cerporetiln
South Bond, Indlivn 46620 UG 18 lcý

Bes Availjable COPYDO R%

es



TABLE OF CONTENTS

Section Page

FOREWORD .......... ............................ vii/vili

ABSTRACT ........... .............................. ix/x

i INTRODUCTION ........ ............................ 1-1

II TECHNICAL DISCUSSION-McDONNELL F4H-1 MLG
THEORETICAL STUDIES ....... .................. 2-1

Introduction .. .......... ....................... 2-1
Discussion of Band-N~sF Mechanism .............. 2-1
Section II Program ........ ........................ 2-2

Discussion ......... .............................. 2-3
Gear Pitch Angle ........ ......................... 2-3
Tire Model ......... ............................ 2-3
Computer Simulation Study ........................... 2-4
Analysis of Computer Simulation Results ................ .2-6
Modification of F4H-1 Main Gear and Model .............. 2-10

Conclusions and Recommendations ....................... 2-12

II TECHNICAL DISCUSSION-NORTH AMERICAN A3J-1 MLG
THEORETICAL STUDIES ......... ....................... 3-1

Developmeni of a Simplified Mathematical Model of
the Band-Pass Mechanism ........................ 3-1

Results of Linearized Analytical Study of Simplified Model .' . 3-4
Analog Computer Study of Simplifiei Model ..... ............ 3-10
Summary and Conclusions from Studies of Siiiplified

Band-Pass Shock Strut Model ......................... 3-24
Mathematical Model of Complete IAndlng Gear System with

Band-Pass ................................... 3-25
Numerical Data - A3J-1 Main Landing Gear System. ........ 3-30
Analog Computer Runs ....... ....................... 3-31
Results of Analog Computer Study of Complete Main Landing

Gear System ......... ............................ 3-38
General Conclusions From Analytical Study ................. 3-57

IV TECHNICAL DISCUSSION - EXPERIMENTAL PROGRAM .......... 4-1
Test Set-bp ....... ............................. .. 4-
Specimen ......... ............................... 4-1
Instrumentation .............. ........................... 4-3

Vertical Fork Load ................................ 4-3
Strut Stroke .................................. .- 3
Rig Acceleration ........ ......................... 4-,



TABLE OF CONTENTS (Continued)

Section Page

Unsprung Mass Accelerometer ................. 4-3
Air Pressure ........................... 4-3
Hydraulic Pressure ....................... 4-5
Lnternal Pressure in Band-Pass Unit RXI)-18354 ............. 4-5
Band-Pass Valve Travel ...... .................... 4-5
Time of Cable Im,-Act ........ ...................... ... 4-5

Test Procedure ............ ....................... ... 4-5
Test Results. ........ ............................. ... 4-25

V EVALUATION OF RESULTS, CONCLUSKW, AND
RECOMMENDATIONS ......... .......................... 5-1

Theoretical Analysis at McDonnell F4H-1 MWG Mod•ifd to
Include Band-Pass Unit ........... ...................... 5-i

Theoretical Analysis of North American AW-i ML4 Modified to
Include Band-Pass Unit .......... ...................... 5-2

Experimental Analysis ........... ....................... 5-3
Overall Results and Conclusions ......... .................. 5-4

APPENDIX A McDONNELL F4H-1 MLG THEORETICAL STUDIES ...... .... A-1
General ......... ............................ ... A-1
Derivation of The Equation of Motion-Type I Band-Pass . A-5
Mathematical Model for Impact Between Plunger and

Control Piston and Between the Plunger and Orifice
Plates .................................... A-12

Derivation of the Equations of Minion-Type [I haMd-P*s .s A-IR

APPKNDIX B REFERENCES .............. .......................... B-1

LtST OF ILLU'STRATIONS

Y ieure %E

2-1 Landing Gear Bending, Models ........... .................... 2-3
2-2 Actual a&d Apparent Aump Shape .......... ................... 2-4
2-3 Bump Height vs. DLtwance Curve ........ .................... 2-5
2-4 Tire Force - Deflection Curves ......... .................... 2-5
3-5 Tire Ioad - Deflection Curves ...... ..................... ... 2-5
2-6 Tire Load - Deflection Curves ...... ..................... ... 2-5
2-7 Computer Run No. 5 ......... .......................... ... 2-7

ii



LIST OF ILLUSTRATIONS (Continued)

2-8 Gear Response ....... ............................ .. 2-9
2-9 Gear Response ......... ............................. 2-9
2-10 Proposed Blocking Valve for the F4H MLG Band-Pass Shock Strut. . 2-11

3-1 Schematics and Free Body Diagram Low Pass Hydraulic Band-Pass.
Filter Installed ii, Main Landing Gear Shock Strut .............. 3-3

3-2 Comparison of -lesults of Linearized Study and Analog Computer
Results ........... ................................ 3-12

3-3 Computer Results Simplified Model Nominal Case .... .......... 3-13
3-4 Computer Results Simplified Model Vpl = 50 ),j.3 . .. . . . . . . . . . . .. 3-14
3-5 Computer Results Simplified Model Ao2 - .000143 In.2

Ao3/A.o2 10.0 ......... ............................ 3-15
3-6 Parameter Variation Studies Simplified Band-Pass Shock Strut

Model Analog Computer Solutions ....... ................. 3-16
3-7 Parameter Variattion Studies Simplified Band-Pr.3s Shock Strut

Model Analog Computer Solutior s ....... .................. 3-21
3-8 Parameter Variation Studies Simplified Band-Pass Shock Strut

Model Analog Computer Solutions ...... .................. 3-22
3-9 Computer Results Simplified Model ....... .................. 3-23
3-10 Free Body Diagrams of Main Landing Gear ..... .............. 3-26
3-10A Dynamic Chamber Volume and Main Crifice Area vs. Stroke ..... .. 3-32
3-10B rire Force Deflection Functions-Type VUI-33x11-24 Py .......... 3-33
3-10C A3J Main Gear Air Pressure , . Stroke ...... ................ 3-34
3-10D Effective Bump Shape 1-1/2 Inch Cable ...... ................ 3-35
3-11 Compari,3on of Analog Computer Results and Drop Test Results

Ground Vertical Load vs. Stroke ...... ................... 3-40
3-1l Effect of Small Strut Inclination ....... .................... 3-41
3-1", Run No. 96 .......... ................................ 3-42
3-13A Run No. 96 ........... .............................. 3-43
3-14 Main Mass Acceleration With and Without Band-Pass ............. 3-45
3-15 Ground Vertical Load With and Without Band-Pass .............. 3-46
3-16 Effect of Sink Speed Main Mass Acceleration vs. Stroke

With and Without Band-Pass ....... ..................... 3-47
3-17 Effect of Sink Speed Ground Vertical Load vs. Stroke

With and Without Band-Pass .............................. 3-48
3-18 Effect of Forward Velocity-Low Velocity Impact ............... 3-49
3-19 Effect of Forward Velocity-High Velocity Impact ............... 3-50
3-20 Parameter Variation Siudies Analytical Investigation of Band-Pass

Applied to North American A3J-1 Main Landing Gear Effect of
Ao3 on Main Mass Incremental Acceleration ................. 3-52

3-21 Parameter Variation Studies Analytical Investigation of Band-Pass
Applied to North American A3J-1 Main Landing Gear Effect of
Ao2 on Main Mass Incremental Acceleration ................. 3-53

hii



UIST OF ILLUSTRATIONS (Continued)

3-22 Parameter Variation Stu~dies Analyticul Investigation of Band-Pass
Applied to0 North American A3J-1 Main Landing Gear Effect of
V3 on Main Mass Incremental Acceleration. .. .......................... 3-54

3-23 Parameter Variation Studies Analytical Investigation of Band-Pass
Applied to North American A3J-1 Main Landing Gear Effect of
Ap3 on Man Mass Incremental Acceleration .. .. .. .. .... ...... 3-55

3-24 Parameter Variation Studiet Analytical Investigation ot Band-Pass
Applied to North American A3J-1 Main Landing Gear Effect of
Preloads on Main Mass Incremental Acceleration .. .. .. .. ...... 3-56

3-25 Preliminary Design of Band-Pass Unit Adapted to North American
A3J-1 Maki Landing Gear Shock Str'ut. .. .. .... .... ...... .... 3-58

4-1 A3J-l MLG Test Installation. .. .. .. .... ...... .... .... ...... 4-2
4-2 band-Pass Mechanism .. .. .. .... .... .......... ...... ...... 4-4
4-3 Band-Pass Valve Travel .. .. .. .... .... ...... .... ...... .... 4-6
4-4 Band-Ptass Test, A3J-1 MLG, Drop Height-18.7 Inches .. .. .. ...... 4-8
4-5 Band-Pass Test, A3J-1 MLG, Drop Height-27 Inches. .. .. .......... 4-8
4-6 Band-Pass Test, A3J-1 MLG, Drop Height-36.5 Inches .. .. .. ...... 4-9
4-7 Band-Pass Test, A3J-1 MLG, Drop Heklght-42 Inches. .. .. .. ...... 4-9
4-8 Band-Pass Test, A3J-1 MLG, Drop Height-48 Inches. .. .. .. ...... 4-10
4-9 Band-Pass 'Test, A3J-I MLG, Drop Height-54 Inches. .. .... ...... 4-10
4-10 Band-Pass Test, A3J-1. MLG, Drop Height-60.5 Inches .. .. .. ...... 4-11
4-11 Band-Pass Test, A3J-1 MLG, Drop Height-27 Inches. .. .. .. ...... 4-12
4-12 Band-Pase Test, A3J-1 MLG, Drop Height-36.5 Inches .. .. .. ...... 4-12
4-13 Band-Puss Test, A3J-1 MLG, Drop Height-42 Inches. .. .. .. ...... 4-13
4-14 Band.PIasa Test, A3J-l MLG, Drop Height-48 Inches. .. .. .. ...... 4-13
4 -15 Band-Pass Test, A3J-1 MLG, Drop Height-54 Inches. .. .. .. ...... 4-14
4-16 Band-Pass Test, ASJ-I MWG, Drop Height -80.5 Iiiches .. .. .. ...... 4-14
4-17 Band-Piss Test, A3J-1 MWG, Drop Height-54 Inches. .. .. .. ...... 4-15
4-18 Band-Pus Test, A3J-1 MLG, Drop Hblg-t-54 Inches. .. .. .. ...... 4-15
4-19 Band-Pass Test, AIT-1 MLG, Drop Height-54 Inches. .. .. .. ...... 4-16
4-20 Band-Paso Teat, A3,j'' MWG, Drop Heigbt-54 Inches . 4-16
4-21 Band-Paus Test, A3J-1 MLG, Drop Height-54 Inches. .. .. .. ...... 4-17
4-22 Band-Pass Test, A3J-1 MWG, Drop Height-54 Inches. .. .. .. ...... 4-17
4-23 Band-Pass Test, A3J-I MWG, Drop Height-54 Inches . .. .. .. . .4-18

4-24 Band-Pass Test, A3J-1 MWG, Drop Height-54 Inches. .. .. .. ...... 4-18
4-23 Band-Pass Test, A3J-l MWG, Drup. Height-54 Inches. .. .. ........ 4-19
4-26 Band-Pass Test, ASJ-1 MWG, Drop Height-54 Inches. .. .. .. ...... 4-19
4-27 Banid-Pass Test, A3J-1 MLG, Drop Height-54 Inches. .. .. .. ...... 4-20
4-28 Band-Pass Test, A3J-l ML~G, Drop Height-54 inches. .. .. .. ...... 4-20
4-29 Band-Pass Test, AWJ-1 MWG, Drop Height-54 Inch~es. .. .. .. ...... 4-21
4-30 Band-Pass Test, A3J-1 MWG, Drop Height..54 Inches. .. .. .. ...... 4-21

iv



LIST OF ILLLUSTRATIONS (Continued)

For~e Page

4-31 Band-Pass Test, A3J-I MLG, Drop Height-54 Inches ............. 4-22
4-32 Band-Pass Test, A3J-1 MLG, Drop Height-54 Inches ............. 4-22
4-33 Band-Pass Test, A3J-1 MLG, Drop Height-54 Inches ............. 4-23
4-34 Band-Pass Test, A3J-i MLG, Drop Height..54 Inches ............. 4..23
4-35 Band-Pass Test, A3J.-1 MLG, Mean Load vs. Incremental Load . . 4-24
4-36 Band-Pass Test No. 200, Drop Height-36.5 Inches, No Barnd-Pass

Unit .............. .................................. 4-27
4-37 Band-Pass Test No. 194, Drop Height-54 Inches, No Band-Pass

Unit ............... .................................. 4-28
4-38 Band-Pass Test No.243, Drop Height 54 Inches, Band-Pass

Unit Installed ............. ............................. 4-29
4-39 Band-Pass Test No.258, Drop Height 60.5 Inches, Band-Pass

Unit Installed. . ........................ 4-30

A-I Schemratic of Type I Band-Pass Mechanism Installed in Orifice
Support Tube........................................... A-2

A-2 Schematic of Type II Band-Pass Mechanism Installed in Orifice
Support Tube. . ............................. A-4

A-3 Free Body Diagram of Main Mass ....... ................... A-6
A-4 Free Body Diarram of Unsprung Mass ...... ................. A-8
A-5 Free Body Diagram of Plunger ........ ..................... A-1I
A-6 Free Body Diagram of Control Pistons ....... ................ A-12
A-7 Kinematics of Impact With a Rump ....... ................... A-14
A-8 Complete F,,.e Body Diagram of Unsprung Mass ..... ........... A-16
A-9 Free Body Diagramn-Plur-ger ......................... A-19

V V L



FOREWORD

This report was prepared by the Bendix Products Aerospace Division of The Bendix
Corporation, South Bend, Indlan%, under BuWeps Contract No. NOw 60-0373-c.

Contractor Project Engineer for this program was Mr. R. M. Palmer, o( the Analytical
Mechanics Engineering Department. The theoretical analysis phase of the program was
under the direction of Mr, R. J. Black of the Analytical Mechanics Engineering Depart-
ment. Mr. T. H. MoraczewKi conducted the linearized study of the band-pass unit and
assisted in setting up the simplified model. All computer work was directed by
Mr. J. J. Free-lake. Supervisor of the Analog Computer Section. Mr. D. C. Irwin, of
the Energy Absorb~er Test Laboratorj, supervised all experimental work. including data
reduction.

The data, equipment, and suggestions rendered by other organizations, in particulir
The McDonnell Aircraft Corporation, North At.rertcan Aviation Corporation. the 1. FV
Goodrich Company, and the U. S. Rubber Company, wr're great!y appreciated and hereby
acknowledged.



ABSTRACT

Y The principal objective of this program was to study the application of the band-pass
principle to aircraft landing gear shock struts. The program included both theoretical
and experimental evaluation. The first portion of the theoretical studies was devoted to
the design and evaluation of a band-pass unit for the McDonnell F4H- 1 MLG shock
strut. The second part of the theoretical studies was the design and evaluation of a unit
for the North American A3J-1 MLG shock strut.

The experimental program consisted of the fabrication of a band-pass unit and modifi-
cation of the A3J-1 shock strut to utilize it and the test program conducted in the drop
test tower over the 120 inch dynamometer.

The principal result or conclusion coming from the program is that loads arising from
arresting cable impact, into the unsprung mass (tire, wheel, axle, and inner cylinder of
shock strut) are not alleviated to any appreciable degree through use of the band-pass
principle. The incremental increases in loads through the landing gear attach points
into the aircraft structure, however, may be reduced up to 50%. ( ,

This report covers all phases of study as outlined above.

PUBLICATION REVIEW

The publication of this report does not constitute approval by the Bureau of Naval
Weapons of the findings or conclusions contained herein. It is published only for the
exchange and stimu1ntion of ideas.

SIGNA TURU_____
R. F. Gregoritz 2'
By Direction
Bureau of Naval Weapons
Representative/Mishawaka, Ind.
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SECTION I

INTRODUCTION

The principle of "band-pass",as taken from electrical analogy, was first applied to shock
absorbers by Mr. Emanuel Schnitzer while working for NACA. A paper was presented
explaining this principle - NACA Technical Note 3803 dated October, 1956, and the
principle was further studied by experimental test as reported in NACA Technical Note
4387, dated September, 1958.

The basic concept of "band-pass" as applied to a landing gear system is to provide a
shock-absorbing system capable of satisfactory performance under normal landing impact
operation, and at the same time provide satisfactory performance at higher frequency
impact such as bump contacts. The basic mechanism to achieve this aim, termed "band-
pass," consists of a preloaded poppet valve backed up by a control chamber An inlet and
outlet bleed system on this chamber causes the pressure within the chamber to vary
according to the rate of fluid transfer from the main dynamic chamber to the upper
chamber of the strut. A high rate of fluid transfer causes the pressure to drop consider-
ably below the fluid pressure within the dynamic chamber, thus opening the valve. A low
rate of fluid transfer causes the pressure within the control chamber to be only slightly
less than that of the dynamic chamber, allowing the preload of the vaive to maintain it in
a closed position. In summary. the principle of the mechanism is to increase the fluid
metering orifice size for high rates of fluid transfer (bimp loading) while maintaining
the conventional mnetered orifice for normal rates of fluid transfer such as encountered
in landing impact.

There are many possible design approaches for "band-pass.' However, prior to the
present program only one was experimentally tested in a shock strut. As stated by
Mr. Schnitzer in his report, the intent of his test program was to verify the principles,
and not to optimize any one design. The results obtained indicated that '"bndpass" re-
duced the loads transferred to the support structure and wheel assembly from "bump-
type" impact loads. The test gear was compared directly 'with the same gear incorporat-
ing a conventional fixed-orifice design. It must be pointed out however, that this test
gear was a very simple design and not characteristic of present-day high performance
fighter aircraft. This indicated the need for further engineering and analytical effort to
substantiate the practicality of the '"bad-pass" principle in present and futudre landing
gear designs. Further tests were required to determine if there were any inherent dis-
advantages to the system before consideration could be given to including it on any pro-
duction hardware.
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As a result of Schnitzer's work, a "band-pass" modified shock strut appeared attractive
for numerous applications. Failures of wheel flanges caused by bottoming of the tire
when landing ,ver the cable on carrier operation could possibly be reduced and weight
reduction realized with the band-pass modifld shock strut. Vitth faster teiescopimN
velocities, such as encountered with bumps, '"rnd-plass" might enable the strut to absorb
higher peak loads and reduce the wheel flange loadings. The spin-up loads of the gear
might be reduced by the "band-pass" action anr. could result In possible structural weight
reduction. The magnitude of this load reduction would have to be determined from a test
program since there are so many physical variables that could alter the performance.

"Band-pass" modified shock struts could possibly permit operation from dispersed sites
that have been heretofore impractical. This would include more liberal operational use
In choppy water and rougher terrain in the Arctic. All gains tn perform&=ce and versa-
tility are dependent on the degree of load reduction and basic design limitations. Another
possibility of improvement would be controlled gear extension after carrier catapulting.
A history of failures have been experienced from this type of operation and the corrective
change results in weight addition.

It proper performance could be realized with "band-pass," the net result might be weight
reduction and solutions of the problems mentioned above. The above iniprovemmnts w-.'e
all conjectures that the "band-pass" design might be completely successfuL. Only by a
thorough engineering study and development wriuld a definite concluiion be available.

The Bendix Producto Aerospace Division therefore embarked upon a programa of t•tdy,
both theoretical and experimental. to evaluate the "'band-pass" modified shook strut. This
report will discuss the program and the results otsainm".
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SECTION II

TECHNICAL DISCUSSION- McDONNE LL
F4H-1 MLG THEORETICAL STUDIES

The purpose of the analytical study of the band-pass mechanism as applied to landing
gear shock strut operation is threefold. The first purpose of the study is to provide a
means for the rapid evaluation of any particular band-pass shock strut configuration. The
analytical stmulation of the band-pass mechanism incorporated into a complete landing
gear system allows one to study the dynamic loads and other performance Criteria for a
variety at landing and taxiing conditions.

Closely linked to this first purpose is the second purpose of the analytical study, the
improvement in any given design of the bano-pass shock strut mechanism by parameter
adjustment. Through use of the analytical simulation, it is possible to adjust any one of
the system's parameters so as to improve the plrformance for the whoje spectrum of
landing conditions.

The third purpose of the analytical study is to provide general design criteria by making
use of performance data obtained for a wide range of system parameter variaiiui- As
noted in the original proposal, -oncise generalized design criteria may not be possiilbll to
develop due to the large number of variables involved in the system, but the minimum
results of this study were to be the development of techniques for thc rapid analytical
Investigatoiot of any given system. Both of these objectives have been achieved. This
will be discussed later in the report.

Qtscussion of Band-Pass Mechanism

Since the problem to be attacked was new in several respects, the mathematical model
used in the anm.ysis was fairly extensive. Fortunately, portions of the problem were
studied previously and use was made of results o~tained In these studies in the analysis
of the present mechanism and the formulation of a suitable mathematical model.

The landing gear system was idealized to a three-mass lumped-mass system. The three

masses qre:

1. The mass of the weight supported by a single gear (the main mass)

2. 7im•n ass of the u isprung parts (the mnsprung mass)



3. The effective fore and aft lumped-mass at the axle.

Each of these masses has a degree of freedom associated with it. The vertical motion
of the main mass will be designated as Zi, the vertical motion of the unsprung mass will
be designated as Z2, and the fore and aft motion of tVe effective mass at the a.xle will be
designated as x. There is also the degree of freedom w, which is the angular velocity of
the tire.

In addition to the assumption of a lumped-mass system, further assumptions include: the
assumption that the inclination of the strut may be ignored for caster angles up to ten
degrees, the assumption that the bearing friction force is intependent of the relative
velocity between the bearings and their sliding surfaces, the assumption that the f - -and
aft stiffness of the strut is independent of the stroke, the assumption that the dynamic"
effect of the moving-bearing normal force is insignificant, the assumption that the poiy-
tropic constant of the air compression process is constant and unity, the assumption that
the orifice discharge coefficient of all orifices within the system is constant, the assump-
tion that the fluid flow is turbulent at all times, and the assumption that the highest modes
of motion of the strut fore and aft motion do not exist. The idealization afforded by the
above assumptions has been found to be adequate in experimental and theoretical studies
of the landing impact problem.

Two types of band-pass mechanisms were considered initially. The first is the ccmplex
multi-function system which was built and used in the experimental studies described in
Reference 2. The second is a simplified system which performs only the function of a
ra.te sensitive orifice size.

Schematics of Type I and Type H Band-Pass Mechanisms along with the mathematical
models and derivation of the equations of motion are shown in Appendix A.

Section II Program

The work accomplished falls under the following categories:

1. Incorporation of changes in the mathematical model as specified in the
contract; namely, modifications of the model to take into r-ccount the pitch
angle of the landing gear and airplane

2. Changes in the mathematical model found necessary for simulation of the
cable impact phenomena; namely, modification of the tire model to one
having regiong 1 differing elasticity and modification of the bump contour
to simulate tle tire mode shape.

3. Computer investigation of the F4H-1 main landing gear system with a band-

pass unit for nornial landing and bump impact conditions

4. Analysis of computer results

5. Investigation of possible modifications in the F4H-I amin gear to make it
adaptable to a band-pass unit.
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DISCUSSION

Cear Pitch Angle

Based on previous experience the pitch angle of the landing gear was assumed to be
cons4nt even though fore and aft bending of the strut takes place during the landing roll.
"This was found previously to be the better of two equally complex mathematical models
(equal number c degrees of freedom) approximating the actions of the gear. The two
models are shown in Figure 2-I along with the pertinent implications of each model.

K,

K, A -r.v.r. Ka 9e
o• • S~d 4 , eo sK., ,,I ~~LOADS T"XjAMItTV~ J VO¶-I4-.*S

C .*-AP. I T S~ 1

0 0 F, sua 1 - 4¶%T~

4tFv coset. ; RSI~fbL. -,OCo~.a-~ 0

/-- ,1• eP ..ti , /K.ir'..L, • ._\ .

AVIVAL S-ITC Mo.UL A or

Figure 2-1. Landing Gear Bending Models

Tire Model

In addition to the above rnodifiatlions, it was felt that an improvement in the tire model
was necessary, The model given in the proposal consisted of a single nonlinear elastic
element. This model has several drawbacks. For example, Jf the tire comes into contact
with a bump of height h and the axle is forced to transverse a straight line patch parallel
to the ground, the single spring tire model develops a force of f( 6o + h) where f is the
nonlinear spring function and 6 o is the knitial tire deflection. However, in the actual
tiri, the force developed is much less than this quantity since the bump distorts far less
of the footprint than a total footprint deflection of (h).

This deficiency suggests an improvement in the tire elasticity model. If the model is
made up of a series of nonli-,-ar elastic elements, then for normal tire loading all spring
elements will be defleCted, whiie for "bump" loading only the spring element in the vicinity
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of the bump would be deflected. Thus the vertical load developed for the two cases would
bI more realistic in comparison to tht actual tire load characteristics.

A second modification, which would also be. necessary with the single spring tire model,
is the conversion of the bump contour to an equivalent contour of equal height but greater
length than the original bump. This is necessary in that the tire deflection is not exactly
equal to the bump contour. Regions of the tire adjacent to the bump will be deflected even
though no portion of the bump is actually contacting them. This is shown qualitatively in
the figure below.

ACTU&va AwO APIPA 4'IR*?

;aJM4h SHAPIFC aZ

Figsure 2-2. Actual and Appare~st Bump Shape

The combination of the two features, w-1.-1tiple sprip4g elements and effective bumnp contour,
results in a model which describes the lo•id deflection characteristics of the tire rather
well for both the unif orm tire deflection and the bump or localized tire deflection.

The model showvn for the F4H-1 tire consisted of three spring elements located at ± 4.25
inches from the center and at the center of the tire footprint. Experiments with the tire
were conducted to establish the load deflection characteristics of the tire for uniforin tire
deflection, localized tire deflection, and combinations of both. The bump shape and spring
curves are shown in Figures 2-3 and 2-4. A compari-son between experimental and mathie-
matical model data is shown in Figures 2-5 and 2-6.

Computer Simulation Study

The F4H-I main Wlaning gear system was simulated on a Berkeley 1100 Analog Com-
puter. The setup was such that the band-pass unit could be either wired into the system
for f ormulation, of the F4H-1 gear with band-pass, or disconnected to simulate the standard
landing gear system,

Preliminary runs were mFade with the standard system to check h computer simulation
against airplane drop test resuts. Run No.20s and Run No.212, Ref. McDonnell Memo 32-

29,s17ft.!secn and 21ft.wseB., three-point landing drops, respectively, were used for com-
parison with the computer results.
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Figure 2-3. Bump Height Vs. Figure 2-4. Tire Force-Deflection
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Figure 2-5. Tire Lod-Deflection Figure 2-6. Tire Load-Deflection
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The following percent differences in load-stroke phenomena were obtained:

Run No. Energy % Max. Load Max. Stroke
_ Airplane Computer' Diff. Airplane Computer DiWi. AFirpie Computer Diff

207 821,000 600,000 3.5 53,000 50,000 5.7 14.20 14.85 4.4

212 905,000 903,000 0,2 78,000 80,500 3.2 15.0 15.0 0.0

It was felt that the simulation was adequate and the study of the band-pass unit was begun.

A total of ter, runs were made through which it was determined that the F4H-1 main land-
ing gear was not adaptable to the band-pass unit. A sample run (Run No.5) is shown in
Figure 2-7. Specifically it was Lound that the pressure signal to the ,nd-pass unit lagged
behind the input (the bump impact forces) to such a degree that the i' ipact would be over
with before there was txny significant rise in the dynamic pressure of the strut. 'Thus evin
when the band-pass unit opened fully there was no reduction in Almnact ic(ads.

Analysis of Computer Simulation Results

Through an analysis of the action of the F4H-1 landing gear it was determined that the
excessive lag in the pressure buildup was due to the presence of the high pressure
chamber in series with the orifice flow of the strut. The high preasura chamber of the
F4H-1 main gear is a feature of the gear which allows the gear to be shrunk for retraction
with relatively low loads. This is achieved by incorporating into the strut, in addition to
a low pressure sdr chamber above ",L dynamic chamber, a high pressure air chamber
below the dynamic chamber statically actuated by mechanical contact with the orifice
support tube. This results, statically, in a stepped air curve. Up to fourteen inches of
stroke, the static resistance of the strut is relatively small. At fourteen inches of stroke
the high pressure chamber becomes operative and this chamber can support the static
vertical load of the airplane. For retraction, therefore, the gear can be shrunk approxi-
mately fourteen inches using low shrinking loads.

Dynamically, however, the chamber can be actuated by the buildup of pressure in the
strut. This provides two flow paths for the fluid in the dynamic chamber; first, through
the orifice controlled by the metering pin and second, into the volume made available by
the piston stroke of the high pressure chamber. This type of action results in the time
lag previously mentioned.

It can be shown that the lag between the maximum pressure and the bump force at the
tire is given approximately by

2 v

for a gear of the F41i-1 type as long as
)(2•_ )) k

M2-
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where

Atj = time lag
X = wave length of bump as seen by tire
v = forward velocity of airplane
M = unsprung mass
k = effective spring rate of high pressure air chamber

In contrast to this, a conventional gear will have a time lag approximated by

2  [I -2 arc tan ))At2= 4 V 2•rmv

where

c = equivalent viscous damping coefficient of metering pin and orifice

(average stroking force divided by average stroking velocity)

Applying the above t quations to the F4H-I main landing gear for a hypothetical bump

m = .720 lb.-sec. 2 /in.
X = 9.0 in.
v = 140 mph = 2460 in./sec.
c = 500 lb.-sec./in.
k = 10,000 lb./in. (average over 2 inches of high pressure chamber compression)

Thus the time between the reaching of the maximum load on the tire and the point oi maxi-
mum buildup in pressure is

1 9.0
Atj =- 2 = .00183 seconds2 2460

a conventional gear on the other hand would have a time lag of

_9.0

At2 - - (1 - 2 arc tan .405)
4 x 2460

at2 = .000212 seconds

The actions of the two types of gears are shown qualitatively in Figures 2 and 2-9.

The analysi.s of the action indicated also that the time rate of change of the pressure for a
gear of the F4H-1 type would lag the maximum impact force by approximately Atl 2
whilt, in a conventional syste.ii the same item would lead the impact force. Thus a con-
',,ltional system will anticipate high impact loads %,hil] the F4H-1 svstem will not.
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Figure 2-8. Gear Response Figure 2-9. Gear Response

The expression for ,ti was checked against the computer results and ii was found that
the time lag on the computer simulation correlated well with the prediction. For example.
the thie lag found in Run Nu.5 was

at = .0040 seconds

The pertinent data for this run is

X 22.5
= 25i0 in., sec.

Thus
I .\

At -= . .0044 seconds
2 v

Checking

2xv 2
Mn in-- )acorpari-son tt

(.---) 2 36,4 x 104 it). in, 1.0 n 104 1I1)_ in.
X

Since the spring rate is considerably below the 'inertia" t.rni, the, tinie ia,: [en' ttd

toward that given by the atl expression-whhich it does.



The comparison test of the inertia term to the spring rate term provides a useful check
on whether or not the compressibility In significant If

,2rv,2
m (Liv) 2 k

Then the comp'esslbihty effect predominates

If 2'

then the compressibility effect is Insig•iflicant.

It Is interesting to note that a conventional strut has some fluid compressibility which
wc,!d tend to duplicate the artion of the F4H-1 high pressure chamber If the bulk modulus
was too low. However, it is seen that

k ld -Ap
2 B

Vo

where

Ap = air piston area
B - bulk modulus of fluid
VO w volume of strut lows- chamber

For a typical main gear these quantities are of the following orders of magnitude

Ap '15in. 2

B .3OOqO lb./on. 2

vo = 50 in.3

Thus

k 1.35 x 106 lb./in.

which ik considerably above the "inertia" term magnitude previously calculated as 36.4 x
104 lb./in. A conventional gear would therefore tend toward the action predicted by the
expression for 1t2 which was derived on the bases of incompressible orifice flow in the
strut.

M2Vtc&!1on of F4H-1 MItn Gear &0 Model

For purposee of the computer study ei band-pass, it would be possible to modify the
F4.H-1 gear rmodel to do away with the time lag previously dbicussed. Suc& a modification
is shown in Fgure 2-10. Here it is seen that the motion of the high pressure piston has
essentially been uncoupled from the dynamic pressure of the strut. Compression of the
high pressure chamber takes place only when there is mechanical contact between the
meterlaW pin support Oube and the piston at the high pressure chamber. This type o0&ction
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converts the F4H-1 gear to a conventional system in net effects. The high pressure
chamber simply causes a stepped air curve for the strut while a conventional strut has
a smooth air curve corresponding approx'mately to the isothermntl air compression
process.

The above modification would require a redevelmment (ar~alytlcally) oI the metering pin
since It substantially affects the energy absorbing characteristics of the geaLr. Further-
more, if simulation of present airplane-drop characteristics Is desired, it is possible
that several metering pins would have to be analytically developed for the modified gear.

QONC ANM BCO NMATNS

It was concluded from the computer results that a band-pass unit will not function proper-
ly in the F4H-l main gear. The inabillty of the band-pass unit to fw, •tlon was traced to
the presenwe od the high pressure air chamber in series with the strut orifice flow.

Based on anzilvtical s' Idles of a conventional system it was concluded tha. a conventional
gear should ncA have this same difficuIlty. The band-pass unit should be able to anticipate
the high load from bump impact due to its sensitivity to the rate of pressure buI'LWUp in the
dynamic pressure chamber of the strut.

Based on studies of the F4H-I gear structure, it was determined that mechanical changes
in the gear could be made to eliminate the time lag effeci of the high pressture chamber,
Such changes would require a "p~aper'" redesign of the pin confifuration to duplicate air-
plaie characteristics.

It was recommended that the bNard-pass deve.t) pment program oe continued usir4g another
more conventional iaiding gear system, such as the A3J-I or the F9F main gear, rather
than a modified F4H-1 main gear. The simulation achieved in this study was feit to be
sodficient to warrant a more extensive an-lyticai study of the ba.rnui-;,as principle, as
applied to the landing gear shock strut, than that originally proposed. Such ai- extension
would allow the detailed study of the laads transmized into the wheel and unsprung mass
by bump impact in addition to the study already proposed In which band-pass was to be
evaluated on only the net improvement it provided in the iods transmitted to the airframe
proper. In additior miscellaneous exploratory studies euch as that underta1ken to Improve
the tire model, were felt to; be m r•ler
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SECTION mI

TECHNICAL DISCUSSION - NORTH AMERICAN
A3J-1 MLG THEORETICAL STUDIES

The general objectives of this phase of the program were achieved by a program com-
bining pure analytical, experimental, and analog computer methods. L,. summary, the
program was as follows:

1. Development of a simplified mathematical model of the band-pass mechanism.

2. LInearized study of the above model.

3. Analog computer study of this model.

4. Tire model investigations.

5. Study of the complete landing gear system with and without band-pass by analog
compute: simulations.

DEVELOPMENT OF A SIMPLIFIED MATHEMATICAL MODEL OF THE BAND-PASS

In Bendix Report VP-1030, the model set up to study the band-pass mechanism adapted
to an airplane main landing gear system consisted of a five-degree of freedom nonlinear
dynamical system. Although such a model is necess':.ry for detailed load and motion
determinatiions, it is not highly suitable to study the details of the band-pass system
itself. This is due to two factors. First, the complexity of the system makes it im-
possible to reduce the resulting pressure build-up and associated motions to simple
expressions in which the influence of the band-pass parameters is apparent. Secondly,
the complexity of the system requires an extensive computer setup (approximately
seventy-five amplifiers plus eleven function generators and associa-ted equipment) which
in turn requires considerable time and diligence to assure correct results. For these
two reasons, a simplified model was sought to help determine the influence of the
parameters associated with the band-pass mechanism on the output of the system. The
output of the system was considered to consist of tire vertical load, dynamic chamber
hydraulic pressure, main mass vertical acceleration, etc.

Since all of these outputs were ultimately related to the dynamic chamber hydraulic
pressure, the first simplification in concept consisted of localizing the over-all effect of
the band-pass mechanism to its effect on the dyn~mIc chamber pressure. The second
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simplification had to do with input to the system. For the complete landing gear system,
the input consists of an obstructior on the runway surface. Here aain the net effect of
this from the standpoint of its effect on the band-pass system was a sudden relative
movement between the outer cylinder and the piston. Thus, the second simplification
consisted of reducing the input to a sinusoidal stroke of the shock strut. Further simpli-
fication was achieved by noting that the incremental stroke of the shock strut during
bump impact was small, thus changes in the crific2 size due to metering pin movement
would be small; and changes in the air pressure in the struts upper chamber would be
small since this is also a function of stroke. Still further simplification was achieved
by noting that the total bump impulse was small due to its short time duration. There-
fore, changes in the main mass' motion during bump impact would be small. Thus the
feedback from the dynamic strut pressure to the main mass' motion could be eliminated.

These simplifications result in the xeduction of the system to that of a single degree of
freedom. Although some of the simplifications are broad, they are based on both the
initial band. pass studies of the F4H-1 main gear, and on experimental experience on
main-gear drop tests. With reasonable stroke Input, the results of the simplified study
from the standpoint of the band-pass parameter effects agree very well with later studies
using the complete five-degree of freedom system.

A schematic of the band-pass mechanism is shown in Figure 3-1A. Figure 3-lB is a
free body diagram of the simplified system. The simplifications mentioned above are
reflecied in the motions and pressures shown in the free body diagram.

The fluid flow from Lhe dynamic chamber takes place through three ar-eas. The first is
the main metering orifice, the second is through the inlet to the band-pass control
chamber, and the third is Lhe variable valve area opened by the stroke of the band-pass..
plunger. Volume is gained in the dynamic chamber by both the fluid compression and by
the upward movement of the band-pu.ss control plunger. The continuity equation is
therefore

AP _4
(1)

--. .G -" i------*- 7 ... .... ..

The term i 4, '1 '_ci.U is to account for a relief valve, to allow free flow into

the dynamic chamber, when P2 becomes greater than Pl. For bump impact during land-
ing impact, Pi is considerably greater than P 2 at all times so thilt this term is zero
and does not enter into the problem. It should also be noted that the square root nolation
used above is shorthand for tne inverted square root function and should be interpretedi
ao- -/
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The compatibility of the flow into and out of the band-pass control chamber is defined by

+ ' ::,'-v 4. ~ _ _ (2)

The summation of forces acting on the band-pass valve plunger is given by

-1- -7 j+ O (3)

Where R is the spring preload of the control chamber spring. It should be noted that K8
must be considered nonlinear to account for plunger valve bottoming. This is accom-
plished by considerlmg K. as very large for positive (Z 1 - Z 3 ) and the normal spring
rate for regative (Z1 - Z 3 ).

With the simplifications mentioned previously these equations reduce to

(4)

N 4'0

and the equation of motion of the valve plunger becomes

Equations (4), (5), and (6) constitute the equations of motion of the simplified model of the
band-pass mechanism. Using the above equations, two studies were conducted. The
first consisted of the linearization of the above eqationa to as to reduce them to being
amenable ¢o analytic solution. The second study conaited of the analog computer
solution of the equations. The linearized solution is covered in Bendix Report No.
SH-61-2, and only the results will be covered here.

RM ILTS QF UNI&AN ZKD A&AMLYTI AL §TUDY Of SIMPUFIWD MODEL

The null pryssures are the preasures obtained for a fixed vatue of 2 when Z3 and ±3
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are zero. These constitute the pressures about which perturbations caused by the motioll
of the band-pass valve take place. The mosL important of these null pressures is
(Pi - P 3 )0 which determines the r. unt of preload necessary to prevent opening of the
valve for normal landing impact stioke velocities. This pressure also differentiates the
hydraulic band-pass filter from a no)rmal poppet valve. A normal poppet valve would be
acted upon only by the piessure Pl. The band-pass valve will remain closed even
though P1 exceeds the preload of the valve since the pressure P3 counteracts the P1
pressure. The null PI - P 3 pressure is given by

- ~ 7

/ + .... (7)

L

The null Pl - P 2 pressure is given by

- --. r---- -o _ -.+ -. (

c,1

L

The time solution for the dynamic chamber pressure is given by

(9)

where

P = mass density of hydraulih

SZ2 = perturbation in strwke iriput

w - frequency of halt sine bump input



The remaining constants depend on the roots of the characterIM-. c equation and the roots
of the cubic numerator 'f the a P 1 transfer function.

-4 ++(-, + Z.i + [/4

.:_ + 4P 4 v- .P.3• - <--:,

-4 +

where

CI -•

/ 6

--
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= ~C.1

C, -. __ _,,, _.

The roots of the characteristic equation must be computed. For systems similar to
that Investigated, the roots of the characteristic equation will consist of two real roots
and one set of complex conjugates. These roots are denoted as

The cubic numerator is

-a5 ,,

•+ | •',,•+ 4p'#•--"• °

The roots of this equation are

In terms of the above constants and roots,l 7 thrur 1 0are defined as follows
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-01 = 7AA

a,

The valve movement is given by

(10)
+ V4 'o• • - ') 4- -4•, - d•" , e --

where

6t z --,6 z @ ) 1 ,) !s

bo ~,+ -,,,,) ,t+ , 14[ • t J+ ',, -,),I_ ¢',.jo r +)

{-, -4- av " ' ( 4-[(,)

(+ j (4
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(11)

4 '/-- '

As an example of the application of the above equations, a comparison between analog
computer results and the results calculated from the linearized soiution is shown in
Figure 3-2. The linearized results shown in this figure are based on Equation (9) with
high frequency terms dropped. This .s discussed in more detail in the report covering
the linearized study.

ANALOG COMPUTER STUDY OF SIMPLIFIED MODEL

A series of studies on an analog computer were carried out using the simplified model
of the band-pass shock strut. The procedure used in this study was to prescribe to Z2
a steady velocity simulating the stroke velocity of the strut during landing impact, pu.,zs
a half-wave sinusoidal displacement simulating the additional stroke occuring during
simultaneous landing and bump impact. The magnitude of the stroke was determined on
a somewhat empirical basis. It was first determined that a full one-and-one-half
inches of half-wave sinusoidal stroke would result in unrealistically large loads. This
is, of course, to be expected since the gear stroke caused Uy bump impact is reduced
in the actual gear by both the wheel and tire deformation, and by the slight upward
movement of thf. , ain mass. It was known from the original studies on the F4H-1 gear
"that a severe iurrp impact would raise the internal pressure of the strut about 15
percent over the pressure obtained in a limit drop. Using this concept plus data from
A3J-1 main gear drop tests conducted at Bendix (Ref. 4), a realistic sinusoidal stroke
was obtained as an input to the system.

The steady strut-stroke velocity was selected to nuplicate dynamic chamber pressures
obtained during the same limit drops for a main metering orifice area equal to the
average area in th, total stroke. The combination of orifice area and steady-stroke
velocity was later varied in the parameter variation studies.

Nominal data for the study was as foll•ws:

Ao = .45 in. 2

A 2 .001 in. 2

A)3 = -010 in. 3
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Apl = 20.428 in. 2

Ap 3 = .785 in. 2

av = 10 in. 2 in.

b = value to yield 10 percent critically damped system

k = 100 lb., in.

M3 = .00035 lb. see. 2 in.

R = 100 1i).

Vpi = 200 n.3

Vp3 = 3.0 in. 3

72 = 125 in. sec. (steady stroke velocity)

Z2 = .141 r'.

The results of this study are ,hoii in Figures 3-3 thru 3-8. Figure 3-3 shows the
analog computer time solutions for the nominal case given above Figures 3-4 and 3-5
are two runs tor which the valve motion became unstable and dre discussed below in the
parameter variations discussion. Figures 3-6, 3-7, and 3-8 are results co f parameter
variation study in terms of the maximum pressire rise caused by the bump impact and
the maximum valve stroke.

Figure 3-6A shows the effect of volume changes in the dynamic chamber of the shuck
strut. Here it can be seen that the net pressure rise c-,.,ed by the bump impact is
insensitive to volume changes. However, the plunger valve stroke is influenced --
dropping off as the volume of the dynamic chamber iz increased. At first the results
appear to be contradictory. That is, with decreased stroke, it would seem that the
incremental pressure rise should increase since there is less opening of the orifice area
between the dynamic chamber and air chamber of the strut. However. it is to he flteo
that an increa-e .n volume also corresponds to a drop-off in tne sprng rate %, the flud
so that there is a larger shock..absorbing capability in the ' tuid. Ths counterbaan, es
the lowered ortfice resistance caused by the larger orifice opening. The over-ý"_! elfect
o)f volume change is an important aspect ý;f the parane4er variation study .in-e the fluid
volume of the dynamic chamber does vary with stroke. The valve instabill.ty found at the
lower dynamic chamber volumes put a 4er~ous limitatlon on the other parameter I tie
band-,ass uit. For example. it can be seen that an improvement In the total preb,,!re
rise could be garied by reduc rw the outlet orit.ce areia and thi, inlet orifIce area down to
perhaps i • 1- 4 in. 2 "I • x i0- 3 in 2, rtpectively. However, this also wmuld lead to,

,i marginally stable qystem !or the n-ominat: dynamic chamb(.r v ofme 2C0 in. 3 .
Firther. it would lead t) a highly unstable vale, mnoti,-;n when the strut '..ax compressed

(text comntinudi )n page 3-1-)
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to any volume below -- say 150 in. 3 . Since such reduced volu.Ime on the dynamic chamber
does take place in actual gear operation, it limits the amount of improvement that can be
made by any other parameter variations which improve the net pressure rise iii the
strut during impact and, at the same time, results in a marginaily stable valve.

To illustrate the general nature of the instability encountered with rcduced dynamic
chamber volume, the computer time solution for the case marked unstable in Figure
3-6A is shown in Figure 3-4.

The second parameter variation study was carried out to find the effect of changes in
the main orifice area which in the actual strut would vary due to the variable area of
the metering pin. The results of this study are shown in Figure 3-6B. Since the pin is
designed to yield high efficiency in the load stroke curve, low areas will, in general,
correspond to low stroke velocities and large orifice areas to higher stroke velocities.
For this reason, the stroke velocity was varied along with the orifice area to maintain
a near constant null P1 pressure and thus simulate normal landing impact conditions.
The variations in the stroke velocity for each particular orifice area are noted in
Figure 3-6B.

From Figure 3-6B it can be seen that the net pressure rise a.A valve stroke are rela-
twvely insensitive to the main orifice area. A design based on average orifice area and
average piston stroke velocity should, therefore, accommodate the whole range of
stroke velocities and orifice areas encountered in going from an extended to a compress-
ed shock strut, providing cognizance is taken of the critical stability condition encountered
with the low dynamic chamber volume asbsciated witn the compressed and near com-
pressed shock strut.

The effert of plunger valve mass is shown in Figure 3-6C. Here it can be seen that the
Incremental pressure rise and the valve stroke are relatively insensitive to the plunger
mass. Some slight improvement could be made over the nominal case by an increase
of the mass to the vicinity of 7 x 10-3 lb. sec, 2 'I/n which appears to be a minimum
point on the aP, function. The relative insensitivity of the output on the valve mass
allows considerable latitude on Its design and, if necessary, it could be designed by
strength and size considerations without appreciably affecting thi output of the band-pass
unit. This is true over a limited range of mass values. Figures 3-9A and 3-9B show the
cormniter time solutions for the two extreme mass values, 1 x 10-3 and 1z x 0-3 lb.
sec. ,in., respectively. Here it can be seen that the smallest mass value is tending to-
ward valve Instability although the slight valve flutter is not yet large enough to be
reflected in the P1 pressure and, is only evidenced in the differential pressure across
the valve area (P - P3 )" The largest mass value results in a quite stable valve but it
can be seen that ts time delay between the beginning of strut ,;'.nusoidal stroke and
plunger valve movement has increased slightly. A careful measurement on the records
indicated a time delay sapproximately 15 percent greater than the time delay found with
smallest mass. The valve strowe is also less abrupt for t.,e large mass case. The
small mass case has practically a step on the valve stroke, while the large mass case
builds up to its maximum stroke In practically a sinusoidal fashion,

It can be seen that there are limitations on the mass of the plunger valve in both the
high and low directions. Low mass values tend toward instability, whereas high masi
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values tend toward sluggish valve motion (although the maximum mass studied still gave
sufficiently small time delay between the beginning of piston stroke input and the be-
ginning of plunger valve stroke). The natural frequency of the plunger valve should be
well above the range of input frequencies resulting from bump impact. The frequency
of the valve's motion can be determined from the mass and the compressibility of the
fluid in the band-pass control chamber. This is discussed below.

The fourth item considered in the parameter variation studies was the effect of the
control chamber spring rate. Here tile preload was kept constant at 100 pounds while
the spring rate was varied from 50 to 250 pounds per inch. The results of this study
are shown in Figure 3-6D. Here it can be seen that the spring rate had no effect whatso-
ever on either the incremental pressure rise or the plunger valve stroke. The four
computer time plots further showed that there was practically no change in any of the
other phenomena such as the variation of plunger position with time or the variation of
the pressure on the strut dynamic chamber with tirne. Surprisingly, the frequency of
the transient valve motion showed only a very slight increase (on the order to 5 percent)
in going from the 50 pound per inch rate to the 250 pound per inch rate. If the frequency
of the valve's motion were determined by the spring rate of the control chamber spring
and the mass of the plunger valve, such a change in spring rate would result in a 224
percent increase in frequency. The spring rate of the control chamber spring plays
only a small part in the value of the natural frequency of the valve's motion.

The natural frequency of the valve's motion is determined almost entirely by the com-
pressibility of the fluid in the control chamber, the volume of that chamber, the valve,
and the valve mass. The natural frequency is given by,

=V SM (12)

Since KV is small in comparison to BAp3 2 the effect of the spring rate is negligible.

This fact is convenient since it simplifies the problem of spring design to that of obtain-
ing the correct preload. Within practical ranges, rate has no effect on the performance
of the band-pass system.

At this point, it is appropriate to discuss the problem of valve instability since it is
related to the action of the fluid in the band-pass control chamber. The whole action of
the band-pass system depends upon a rather delicate pressure balance between the &
dynamic chamber of the shock strut and the control chamber of the band-pass mechanism.
The delicate nature of this balance is apparent when it is noted that pressure differences
on the order of 120 psi are sufficient to open the band-pus unit while normal dynamic
chamber pressures are in the vicinity of 4000 psi for a 20 ft./sec. landing impact. Thus,
only a 3 percent variation in the P3 pressure can upset the balance and either open the
band-pass unit fully or close it completely, depending upon the direction of the variation.
In order to maintain P3 close to P1 , and at the same time not allow the leakage of fluid
through the control chamber orifices to reduce P 1 excessively during normal landing
impact, the ratio between the inlet orifice and the outlet orifice must be large and the
outlet orifice must be very small.
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During bump impact, therefore, the increased flow into the control chamber and the
flow incurred due to the upward movement of the plunger valve is not accommodated by
the small outlet orifice and the fluid simply compresses slightly. Once the plunger has
reached its maximum upward movement, the fluid begins to expand and sends the
piston downward and, in severe instability, may completely close. The cycle then
repeats itself until an equilibrium position is found by the plimger valve.

The valve instability is heightened by several factors. First, if the inlet orifice to the
band-pass unit is small, the drop-off of P 3 pressure with increased stroke due to bump
impact is excessive. The valve movement is thus accelerated too rapidly and the
result is excessive overshoot of both the P1 - P3 pressure and t.he valve movement.
A small volume of fluid in the dynamic chamber of the strut also leads to instability
since with low fluid volume there is little cushioning of the input to the band-pass
mechanism between the shock strut piston and the orifice plat-. That is, there is greater
fluid flow into the band-pass control chamber due to the smaller amount of fluid com-
pression in the '%,,rut dynamic chamber with low dynamic chamber volume.

A third factor heightening the instability is a small value of A (the control chamber
outlet orifice area). This is due to the fact that with small outlie• flow, fluid compression
is increased. High values of valve gain and the rate of orifice area increase with valve
stroke also lead to a more unstable system. With Increased vaive gain, a given amount
of valve movement will cause larger pressure fluctuations in the dynamic chamber and
therefore in the control chamber. Incre..sed pressure fluctuations in turn refult in a
longer time for the valve to reacn its equilibrium.

These are the plysical reasons for the instability of the valve. It is unfortunate, but
also typical, that most of the parameter extremes which cause instability also improve
the valve performance from the standpoint of reduced incrementa' pressure rise in
the strut's dynamic chamber. This im true within limits since severe instability will
bring about a rapid reclosing of the valve, thus increasing the incremental pressure
rise. The instability brings into play another consideration in valve design. The valve
cannot be designed exclusively by that combination of parameters which brings about a
minimum pressure rise In the dynamic ctiamber (minimum load transferred to the main
mass of the airplane).

Returning to the parameter variation studies, the fifth item considered was the valve
preload. Valves were studied where the preload ranged from 35 psi to 200 psi. The
results of this study are shown in Figure 3-7A.

The lowest vslue of preload shown in Figure 3-7A coiresponds to the null (P 1 " P3 )
pressure differentiL, for the steady stroke velocity of 125 in. se" Preloads below thi.
value will result in the valve opening during the landing impact, thus preventing the
shock strut froM absorb'ng the landing .mpact energy.

It can be seen t•tt valve prelosd has a large influence on the pressure rise during
bump impact. The preload should be designed as close as possible to i.Xe maximum null
(P1 - P3 )pressuredi1ferentialexpected during ianding impact, Since meximum expected
stroke velocitlis car. be predicted, and since the orifice arest vs. stroke !. known, the

3-19



(P 1 - P 3 ) pressure differential can be calculated from Equation (7) for the band-pass
design.

The sixth item considered was the orifice area ratio Ao 3 /Ao 2 . The results of this
study are shown in Figure 3-7B. It can be noted that the value of Ao 3 /Ao 2 affects the
null (P 1 - P 3 ) pressure (see Equation 7) and that it is necessary to vary the preload
in addition to the inlet-to-outlet orifice area ratio to obtain results which can be
compared.

Figure 3-7B indicates that a low value of Ao 3 /Ao 2 is desirable to obtain a low pressure
rise in the strut's dynamic chamber during bump impact, but two other considerations
come into play which limit the amount this ratio can be reduced. The first is the
stability of the valve's motion. Pressure improvement can be obtained by a reduction in
Ao 3 and A. 2 simultaneously, or by holding Ao 2 fixed and reducing Ao 3 but not by in-
creasing Ao 2 . Reduction in Ao 3 heightened the instability as noted previously. The
second factor is preload. Decreasing the ratio Ao 3 /Ao 2 increases the prelcad necessary
to maintain the valve closed for normal landing impact. High preload presents a design
problem due to space and area limitations within the control chamber.

The seventh item considered was the control chamber outlet orifice area A The
results of this study are illustrated in Figure 3-7C. The ratio A^.3/A. 2 was Teld fixed
ln this study so that the nominal preload of 100 pounds applies for each case. Figure
3-7C shows that a decrease in Ao 2 decreases the pressure rise in the strut dynamic
chamber during bump impact. However, this also leads to valve instability. The marked
instability of the valve motion when A 3 /Ao 2 is reduced to .000143 in. 2 is indicated by
the computer time solution shown in Figure 3-5.

The eighth item considered in the parameter variation study was the valve cross-
sectional area A 3 . The results of this study (See Figure 3-7D) indicate some improve-
ment on the dynamic chamber pressure rise with reduced area. This was due to the
reduction in the spring rate of the fluid compression of the control chamber, which
allowed larger motion of the plunger valve for a given input. A larger overshoot of the
(P 1 - P 3 ) pressure differential was noted with the reduced area, but no appreciable change
in stability (number of cycles of transient valve motion) was noted in going from the two
extremes of .5 and 1.5 in. 2 on A 3 . This is mentioned because later studies with the
complete landing gear system s&owed marked instability in the valve motion for the
reduced Ap 3 when the volume of the dynamic chamber was at near minimum. A similar
result was obtained with increased V3 . An increase in V is similar to a decrease in
A 3 in that it also decreases the spring rate of the fluid holumn in the band-pass control
c~Amber.

The ninth item considered in the parameter variation study was the effect of the valve
gain -- valve gain being defined as the rate of orifice area Increase with plunger valve
stroke. The results of this study are shown in Figure 3-8. Decreased valve gain
causes a rise in the pressure in the strut dynamic chamber simply because it decreases
the amount of area increase between the strut's dynamic chamber and the air chamber.
Increased valve gain, while decreasing the pressure rise in the dynamic chamber of the
strut, tends toward unstable valve operaton for reasons previously discussed. Maximum
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Ptifure 3-6. Parameter Variationq Stuoiea SimPlified Barid-Pass Shock Strut
Model Analog Compliter Solutionso
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allowable valve gain appears to be in the vicinity of 10 in. 2/in. Such a gain would result
in marginal stability for the low dynamic chamber volume ercountered in the com-
pressed or near-compressed strut condition.

SUMMARY AND CONCLUSIONS FROM STUDIES OF SIMPLIFIED BAND-PASS SHOCK
STRUT MODEL

1. The optimum set of values for the parameters associated with the band-pass
mechanism is controlled by the interaction of three factors: first, the pressure
rise in the dynamic chamber of the shock strut, or equivalently, the load trans-
mitted to the main mass of the airframe; second, the valve stability; and Lhird,
size and space limitations imposed by the dimensions of the shock strut.

2. The performance of the band-pass mechanism is relatively insensitive to main
orifice area, plunger mass, and the spring rate of the control chamber spring.
For th, system in question, the optimum mass appears to be 7 x 10-3 lb. sec. 2/in.
but variations from 2 to 11 lb. sec. 2/in. could be taken without appreciably affect-
ing the performance of the valve. Spring rate has practically no effect on valve
performance and the spring can be designed on a preload basis only.

3. Low dynamic chamber volume results in valve instability. The valve should be
designed on the basis of the minimum volume of the strut's dynamic chamber.

4. The inlet to outlet orifice area ratio of the band-pass control chamber should be
as low as possible, but not so low as to lead to instability or excessively large
required preload. A balance of factors yields a value between 8 and 10 for this
ratio.

5. Control chamber spring preload (R) should be made as close as possille to the
maximum (P1 - P3 ) pressure differential times the valve area Ap-. The present
design requires a preload of 50 lbs. or more to preclude opening of the valve on
a limit drop. Excessive preload reduces the effectiveness of the band-pass
mechanism.

6. The outlet orifice area should be made as small as possible, but not so small
as to result in valve instability. For Ao 3/Ao 2 ratip of 10 the A 2 orifice area
could possibly be reduced as low as 7.5 x 10-4 in. but for A^•?Ao 2 reduced to8, Ao2 could only be reduced to 10 x 10- in. 2 . Further reducjion would resut

in valve instability.

7. Valve area should be designed low. (Later studies show that lowering this
quantity tends toward instability in the near-compressed strut, as does an in-
crease in the control chamber volume.) The nominal value of .785 in. 2

appears to be near optimum.

8. Valve gain should be as high as possible without resulting in instability. A value of
between 10 and 11 in. 2/in. appears to be near maximum for the present configura-
tion.
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9. With a band-pass mechanism designed by the latter criteria, a reduction of
approximately 50 percent in the magnitude of bump impact loads transmitted to
the airi'ame during simultaneous landing impact and bump impact could be
achieved. The maximum pressure rise in the impact considered in the simpli-
fied analysis was 2400 psi during impact without a band-pass unit, while with a
band-pass unit the load was reduced to 1200 psi.

MATHEMATICAL MODEL Or COMPLETE LANDING GEAR SYSTEM WITH BAND-PASK

Free body diagrams of the complete landing gear system are shown in Figure 3-10.
The summation of fO-Lea in the vertical direction on the main mass gives

, + '. +. (13)

where M1  = r-an mass supported by one landinCr gear
FL = lift force or. main mass
P1 gage pressure within dynamic chamber o1 shock strut
P2 gage pressure within air ch,?mt-r of shock strut
F; fri-tien drag between piston and outer cylir ier of the shock strut
Apj =ar -'a encompassed in I D. o, piston

A-: less the cross-sectional area of the orifice support tube
Ap .P aOea encomýýassed in I.D. of outer cylinder less the _,rob--

sectional i.rea ol the ý'rifice support tube
Ap6 = xea between inner and outer cylinder
Ar ,,cross-sectioal area of piston walls at upper bearing point
ao = inclination. of gear (positive -As shown in Figure 3-10)

The summation of forc:s in the vertical direction on the piston yields

/~~2,+ Pi&<- - ' ;* - (14)'

,Gince ., , ÷ ,. ' ,- - (15)'

then equation (14) can be written as

where m2  - mass of shock strut piston and associated 1parts

mA - mass ol wheel brake, tire ano associated parts
(m,+ CO'?42 - (m M -A 2M2 M Mi I'-MA)

3-25



X I .ILII

Olt

L A

Ile
St/ //•- t

3-26



Fvl = vertical (to ground) load on piston
Fv M vertical load on tire

The pressure P resuits from the compression of the air in the shock strut air chamber
and is a functioi of the stroke, (Z1 - Z2 ).

4 ; "-(17)

Considering the free body diagram of the shock strut piston, the summation of moments
about point (A, yields

S- .. .. .-k ' /(18)

where = coefficient of friction between outer cylinder and piston
N1  = normal load on upper bearing
N2  = normal load on lower bearing
r 1  radius to surface of lower bearing
r2 radius to surface of upper bearing
1 = length from center of upper bearing to center of axle

1 " length from center of upper bearing to cenzer of gravity of
piston

L = trail lengh
K • spring rate of strut in aft direction

From the same free body diagram the summation of forces normal to the strut center-
line gives

• , Al, - , -, . ,- -. - //ti,'- - - : = "(19)

From the free body diagram of the wheel the summation of forces in the horizontal
direction gives

+ + " + +"½< + . 4o 71,, • , -z (20)

where m = effective lumped mass of wheel, brake, tire, axle, and shock
strut at axle for fore and aft motion considerations
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c = damping coefficient associ?.ted with fore and aft motion

fDi drag forces cn tire footprint (i = 1, 2, and 3)

The frictional force, Ff, between the outer cylinder and the piston is given by

xV--• + .- "(21)

It can be noted that the tire has been divided into three springs. The original concept
given in Reference 5 was to use only one nonlinear elastic element to represent the
force deflection characteristic of the tire. As explained in Reference 6, this would not
be sufficient to represent the true tire characteristics for both bump impact and land-
ing impact. The model finally arrived at consisted of three equally spaced nonlinear
springs. The bump shape was also modified to allow deflection of more than one spring
when the bump was at the center of thc tire footprint. Tests conducted on the F4H-1
tire are covered in Reference 7 together with the derived force deflection characteristics
of the three springs and the modified bump shape.

Similar spring functions were derived for the A3J-I main gear, wheel and tire making
lise of the load deflection shapes derived in Reference 7 and experimental data on the
flat plate load deflection characteristic of a 36 x 11 2 4 -ply type VII tire. The derived
spring functions are given in the data section of this report.

The deflection of ear'h spring is given by

k' + + , - 1--- (22)

+, I (23)

f , ) (24)

wnere h = bump shape, a function of ( * - - b )etc.
v = forward velocity of airplanef
b = spring spacing

Since the spring spacing is symmetrical with respect to the footprint centvrhline, the
forward spring function is identical to the aft spring function so that oniy two fuicti-)ns
are used to describe the tire force deflection characteristics. The fore and aft spring
functions are designated gl (61) and g, (63) and the center spring functr'm is designated
g2 (62)"
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Thus f1  = g1 (61) (25)
f 2  = g 2 (6 2) (26)
f3 a g1 ( 6

3) (27)

The total vertical force at the tire footprint is

-' ., . + - ., 4- . (28)

Taking the summation of moments acting on the wheel gives

1P -(29)

Hete it can be notea that the drag forces were all assumed to have a lever arm ot
Rf - 62 which is only approximately true since i and 6 will in general be different
that 62. However, for wheel moment calculation;, the diiference between Rf - 61 and
Rf - 82 etc. will be a second order effect which i an be neglected.

The drag forces, fDl, are determined by two different sets of equations. The particular
set to be used depends upon whether the tire is rolling or sliding.

Tire sliding is defined by the following equation

-i' - ' - C' Z- - , (30)

where SL = sliding velocity
when SL 0 6 (tire sliding) then fDI is given by

"•z, •'•z °xy = " " + <•' . . .. -- 31)

where AT - sliding coefficient of friction between tire and runway srt acet
when SL = 0

*• -----= .- % - ., (32)

until such time that

zz+ - 4 *" -' (33)
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where # is a small quantity, ideally zero.

Once the above condition becomes true, then fD1' fD2, fD3 are determined from
Equation 

(31).

The latter set of equations together with the previouly derived relationships, Equations
(1), (2), and (3), constitute the equations of motion of the complete main landing gear
system, including band-pass. It should be noted that in Equation (1) the volume of the
dynamic chamber, Vol, is not constant but is a function of (Z1 - Z2 ). Likewise, the
main orifice area, Ao' is also a function of (Z1 - Z2) as determined from the metering
pin contour. Both of Wiese functions are given in the data section of this report.

NUMERICAL DATA - A3J-1 MAIN LANDING G'"AR SYSTEM

Numerical data fo, ',€e A3J-I main landing gear and the nominal band-pass unit is &as
follows:

Masses and Moments of Inertia

MI -. ain mass of airplane per gear 53.4 lb.sec.2/in.
m2 mass of inrner cylinder and associated parts .311 lb.sec. 2/in.
M3  - mass of band-pass plunger .00035 lb.sec. 2 /in
MIA - mass of wheel,brake,tire,fork, axle and

associated parts .594 lb.sec. 2/in.
M W effective lumped -lass at axle for fore au

aft motion considerations .72- lb.sec. 2/in.
a polar moment of inertia of rotating parts

(wheel,tirebrake rotors, and associated
parts) 80.0 lb.in.sec. 2

Spring Rates

ks spring rate of control chamber spring 100 lb./ in.
kx - fore and aft spring rate of strut 14,340 lb./in.

Areas

Ap, w inside area of inner cylinder 20.428 in. 2

A01 a inside area of inner cylinder miaus area of
orifice support tube 17.8 55 nr..2

Ap2  a inside area of outer cylinder less orifice
support tube 27.072 in. 2

Ap3 a band-pass plunger valve cross-sectional
area .785 in 2

Aw . area between I.L. of outer cylinder and
O.D. of inner cylinder 3.467 in. 2

Ac * wall area of inner cylinder 5.f29 in. 2

Ao * main orifice area "'see curve)
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Ao 2  = outlet orifice area of band-pass control
chamber 0.001 in. 2

Ao 3  z inlet orifice area of band-pass control
chamber 0.010 in. 2

Ao 5  = orifice area of dump valve .300 in. 2

Len9ths

L mechanical trail 4.38 in.
= length from center of upper strut bearing

to axle centerline 55.04 in.
11 - distance from center' of upper bearing to

center of gravity oi shock strut piston 34.0 in.
a = distance between centers of strut bearings

in fully compressed position 29.86 in.
R z radius of tire during rolling 15.00 in.
R = free radius of tire 18.38 in.
r = outsi.le radius of inner cylinder 2.875 in.
r2 = radius to surface of upper strut bearing 3.061 in.
b = half length of effective footprint 4.25 in.

Miscellaneous

P mass density of hydraulic fluid .00005 lb.sec.2 in. 4

B = bulk modulus of hydraulic fluid 250,000 psi
Vp =volume ot ;;hock strut dynamic chamber (see curve)
Vp3 volume of band-pass control chamber 3.0 in. 3

cd orifice discharge coefficien. .60
(for main metering orifice A0 ,
cd a 0.85)

S= coefficient of friction ,'f strut bearings .05
AT = coefficient of friction between tire and

runway .55
ao strut angle of inclination (varianle)

nominally 0
1i damping coefficient asOciated %kth relative

motion of band-pass %valve
(adjusted to give approximately 10- of critical dL4mping)

b 2  = (See Figure 3-103B)
R preload of band-pass cmntrol chamber spring 50 lbs.
V forward velocity of airplane (variable)

nominally 2655 in. siec.

ANA1Xfv. COMPUTER RUNS

Using the equations of motion derived for the complete landing gear system, a Iotao of
132 simulated drop tests were made. Pat ameter variations in both the variable 1--icling
gear parameters and the band-pass mechanism's paramleters were made to d'eermine
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the over-all perfurmpnce of the 'Fystem with band-pass. The following is a tabulation
o0 the computer runs:

(1) Comp•.rison with standard drop test results
(2)-(10) Variations in sink speed 1.2, 14, 16. 18, 20, 21, 22, 23, 24 ft./sec.
(11)-(17) Variations in sp(ed 2400, 2600, 28G0, 3000, 3200. 3400, 3600 in./sec.
(18)-(19) Effect of strut inclination (18) same as (1). (19) a = 5
(20)-(27, Same as (11 except impacts at 2, 4, 6, 8, 1C, 12, 1i, 16 inches of stroke
(28) Same as (27) bLt with nominal band-pass unit
(29) Ao 3 decreased to .005
(30) R3 increased from 50 lbs. to 100 lbs.
(31) Same as (30) except bump brought in at 4 incheý; of stroke
(32) Ao3i"Ao2 = 10 (nominal)av = 20
(33) Repeat of (28) except prel(,ad = 100 lb.;.
(34) Repeat of (28)
(35) Repeat of (34)
(36) a changed to 20 in. 2 in.
(37) Ap 3 cut in half
(38) Unsorung mass decreased by factor of 3 Ap3 returihed to .785 in. 2

(39) Same as (38) withav = 10 in. 2 in.
(40) Same as (38) with a•, = 10 in. 2 in. Unsprung mass = 1 6 nominal
(41) Same as (38) withav = 10 in. 2 in. Unsprung mass = 1 9 nominal
(42) Pot 013 iincreased from .1250 to .5000
(43) Step valve Upper A3 = .785 2 R = 100
(44) Same as (1) except bump at 16 inches stroke - no band-pass
(45) With band-pass system - bump at 16 inches stroke, R = 100 lbs.
(46) Same as (45) R = 50 lbs.
(47) Same as (46) except av= 12.5 i.2 in.
(48) Same as (47) except av = 15.0 in. 2 in.
(49) Same as (47) except b 3 increased by factor of 4
(50) Nominal b 3, v3 decreased by factor of 5.0 (ca . 15.0 in. 2 in.)
(51) avl = 20.0 in, 2in. same as (5.', otherwise
(52) Ao 2 reduced to .0005 same as (51) otherwise
•53) v3 r-turnrd to nominal value, A,, .0010 b x 10.0 ca 15.0
(54) b 3 x 20 av, = 15 A 0013 ,
(55) v3 x 1 2 otherwise se as (F4)
(56) v3 x 2 otherwise samree as (55)
(57) v3 x '0
( 5 8 ) t) 3 x 2 0 a kl = 2 0 N o t p
(99) 1 3 x 20 k vl = 15 N m)d computer problems
(60) 1)3 x 20 av = 15 A) 2 = .0013 )
(61) &13 20 y -. 20 A,, 2  = .001

(62) 1)3 x 20 of 15 Ao2 = -. 001
(63) 1)3 x 20 a. = 15 Ao 2 = .00135
(64) 3 nominal al, 1 10 Ao 2 =.001

(65) Nominal band-pass system hump at 2 in.
(66) I 4

(67) 6

3-36



(68) Nominal band-pass system bump at 8 in.
(69) 10 in.
(70) 12 in.
(71) f14 in.
(72) 16 in.

(73) No band-pass 2 in.
(7T) 4 in.
(75) 6 in.
('18) 8 in.
(77) 10 in.
(7 8) 12 in.
(79) 14 in.
(80) 16 in.

(81) Ao3 = .007 5 8 in.
(82) Ao3 .007 - 16 in.
(83) Ao 3 = .0050 8 in.
(3-a;, Ao 3 = .0050 8 in. 100 lbs. preload
(84) Ao 3 x 0050 16 in.
(84-a) Ao 3 = .0050 16 in. 100 lbs. preload

(85) A02 = 0015 8 in.
(85-a) Ao 2 -. 0015 8 in. 100 lbs. preload
(86) Ao 2 -. 0015 16 in.
(86-a) Ao2 - 0015 16 in. 100 lbs. preload
(87) Ao2 =0005 8 in.
(88) Ao2 z.0005 16 in.

(89) v3 = 5 in. 2  8 in,
(90) v3 = 5 in. 2  16 in.
(91) v3 1 I in. 2  8 in.
(92) v3 = I in. 2  16 in.

(93) A 3  1.0 in. 2  8 in.
(94) - 1.0 in. 2  16 in.
(95) A3- .50 in. 2  8 i n.
(95-&) p .50 in 2  8 in. 30 lbs. preload
(96) a .50 in. 2  16 in.
(96-a) Ap3 - 50 111.2 16 in. 20 ibs. preload

(97) Preload - 35 lhs. 8 in.
(98) Preload - 35 lbs. 16 in.
(99) Preload w 65 lbs. 8 in.
(100) Preload a 65 lbs. 16 in.
(101) Preload - 80 lbs. 8 in.
(102) Preload - 80 lbs, 16 in.
(103) Preload w 100 lbs. 8 in.
(104) Preload a 100 lbs. 16 in.
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(10-3) Sink speed = 12 ft.isec.) bump at 4 in.
(106) Sink speed = 12 ft./sxc.) With band-pass I 8 in.
(107) Sink speed = 12 ft./sec.) 14 in.

(108) Sink speed = 12 ft./sec.) 4 in.
(109) Sink speed = 12 ft./sec.) Without band-pass 8 in.
(110) Sink speed =12 ft./sec.) 14 in.

(111) Sink speed = 23 ft./sec.) 4 in.
(112) Sink speed =23 ft./sec.) With band-pass 8 in.
(113) Sink speed = 23 ft./sec.) 16 in.

(114) Sink speed = 23 ft./sec.) 4 in.
(115) Sink speed = 23 ft. /sec.) Without band-pass 8 in.
(116) Sink i peed = 23 ft.,"sec.) 16 in.

(117) v = 2300 in., sec. ) 8 in.
(118) v = 2300 In. sec. ) 16 in.
(119) v - 2700 in. sec. ) 8 in.
(120) v M 2700 in., sec. ) With band-pass 16 in.
(121) v - 3100 in., sec. ) 8 in.
(122) v = 3100 in., sec. ) 16 in.
(123) v = 3500 in. sec. ) 8 in.
(124) v = 3500 in. sec. ) _oin.

(125) 1 = 230) in. sec. ) 8 in.
(126) v = 2300 in. sec. ) 16 in.
(127) v = 2700 in., sec. 8 in.
(128) 1, a 2700 in. sec. ) Without band-pa3s 16 in.
(1k 1) v = 3100 in. sec. 8 in.
(1,11) v = 3100 in. sec. ) 16 in.
(131) v =3500 in. sec. ) 8 in.
(132) v - 3500 in. sec. ) 16 in.

r{ULIQF ANALOG COMPUTER STUDY OF COMPLETEI- JE..ING
SYSTEM

The results of this study are shown partiaiily Mn Figures 3-Il through 3-25. In general,
the study indicated that the optimurn configuration was quite close to the configuration
arrived at bv the simplified model studies. F"urther, t was found that although the band-
pass unit could ,ice the load tr-ansferred tý) the airframe and the dynamic chamber
pressure as compared to1 an identical system no t having the band-pass m ec(hanismi, it
CO•uld not v'educe the wheol and tire loads to any signific'ant degree.

Run (1), thi, rest'hs of which arre sh~ wn in Figure 3-11 in ternis ot tire vertical load vs.
shock strut stroke, was ca, ried out to check the degree o! simulation achieved by the
analog mooel of the landing gear system. The results ind.cate a close correlation
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between the computer results and the actual drop test results obtained from Reference
(4). Pressure fluctuations at the beginning of the stc %ke were cot duplicated, but
over-all shape, maximum stroke, and maximum vertiua. load c-o closely duplicate the
results of the drop test. Similar correlation was obtai:.3d on drag 1 .d results. Differ-
ences between the drag load calculated on the computer, ý-nd drop Lest drag load, can be
attributed mainly to the fact that the actual coefficient of friction between the tire and
the drop test platform is variable whereas only a constant average coefficient of
friction was considered in the analog computer simulation.

The effect of st,-ut inclination was studied in runs '13) arid (19 j. The results of these
runs indicated that there was very little change in lcad-.stroke phenomena for minol:
variationg in the strut angle of inclination. For •* reason, no further studies were
carried out on the effect of strut inclination on tnc 4unctioning of the band-pass shock
strut mechanism. The load-stroke curves for these two runs are shown in Figure 3-12.

Runs (28) through (64) were miscellaneous exploratory rums. The purpose of these runs
was to examine the effect of paramet,ir variations car:ied out to alleviate the stability
problem, and to maintain a high load reducing capacity of the band-pass unit.

Stability problems with the complete landing gear sysi:em were greater than those
encountered in the simplified study. This was due primarily to the fact that the v:olume
of the high pressure chamber of the strut could reduce to as low as 17.5 cubic inches at 18
,nc:., .s of strut stroke. Figure 3.46A shows that such a volume would be expected to result in
extreme instability problems. The lower preload (50 lbs.) would tend to alleviate this
sl'ghtly, but parameter changes to increase dynamic chamber pressure attenuation,
over that obtained witn the nominal system, were found to be impractical due to the
greater instability encounterrl with such changes. The computer results for a typical
unstable condition are show. i'n Figure 5-13. This is the result of computer run (96)
in which A 3 wasreduced t, .50 in. 2 . The severity of the 'nstabilitv is indicated by che
fact that th&e valve completely closed due to rebound of the compressed fluid.

Attermpts were aso made in these runs to alleviate valve instability by increasing the
damping associated with the Z1 - Z3 motion. Practical increases in this damping term
did little to the stability, however.

Following the initial exploratory runs, a series of runs were made to examine the
functioning of the "opti nlzed" band-pass shock strut over a range of variables normally
encountered in service. This included:

1. Point of stroke at which bump in pact occurred.
2. Variat:,ons in airplane sink speed.
3. Variations in airplane forward velocity at impact.

In addition, variatiorns on several of the band-past; parameters were carried owt to
establish if any improvement in perforrmance could be gained by slight changes in
theste parameters:

1. Control chamber inlet orifice size (A. 3 ).
2. Control chamber outlet orifice size (Ao 2 ).

3-39



GROUN~D VZRTICAL LOAD KWPS

Lr 11 o-i
C.cc



F.1 GROUND VERTICAL IJOAD - KaPS

ta

NthB



S. O . .. 1 1 " " . . . . . . . . . . . . . . . .

4- t t
4 f

25 0 Ind/Sec2. .......-

.T . ... . . . . . . . .. . . . .

S'.. . ...... !. .. ................... .. .
" + : : : : :._L : ......... . . . .

*... " "U 01 * • o - * -t ÷ .

lO0 In ec2 • . . . . . . . . ... . . . .. . . . . . . . . .

Ui2~Z Ii

S. . . .. l o n .1. . . ... •. .....; .
" ' ! ! i T : i : ::" " . . . . . . .. . . . ..... .. ...... . .. . ...... • • •

S 50 In. 'SeA Z" N it

3. . .. ... ...-. 4. . . .

• .25 .. . . d/sec. i f • . . .. .

I~ ...........

10. 66 oT Ir o W 1-om

S. . . .. . . . . . . ! , 0 . 0 1 S t,.c

3-42



! , ,i IL

_III

r~r7F~rn~ ~ TTTI T- -~

* 4,4 . . , 4 , 4 I .t

p p

pig.. . .. .. . . ...

., . .. . . . . . . . : . - ' ... . ....' .t . . .. . ...

1 4 4+ -

. . .I. . . ... .O . . . . .t.

... .. . . ..... ..

....... .... .. . . .... . . . . . . . .. • • . .. .. .. . . .. . .L.. . . .

.1 z .. . . . ..

.... ... . .. ................ ....

. . .-

3-43



3. Control chamber volume (1~3)
4. Plunger valve cross-sectional area (A 3)
5. Control chamber preload (R~

The eltect of the particular instant of time during landing imnpact at which h~ump impact
occurs is shown in Figure 3-14 and Figure 3-15. The complete computer results of
these runs are given in Figures 16 through 31 in Reference 8.

Figure 3-14, in which the main mass acceleration vs. stroke is plotted, -illustrates the
improvement obtained b-1 use of the band-pass mechanism. For low loads, those at two
and four inches of stroke, the band-pass mechanism does little to improve the main
mass acceleration due to the fact that the valve preload keeps the band-pass mechanism
esse~itially closed. Once the vertical load has reached about 70,000 po)unds, the band-pass
mechanism begins to function effectively and main mass, acceleration brought about by
bump impact is coisiderably reduced. Figure 3-15 indicates that there is very little
alleviation of the tire vertical load during bump impact through use of the band-pass
mechanism.

Tthe .ie:tof airplane sink speed on the functioning of the band-pass unit is shown in
3-16 and 3-07. These figures give the main miass acceleration and tire vertical

1hao. vs. stroke for Runsti 105) through (116). The complete computer results of these
runs are given in Figures 3', through 45 in Reference 8. Here, again it can be seen
that the band-pass shock strut effectively reduces the loads transmitted zo the main mass
(A the airplane when the vertical landing impact load is high. The series of drops at
12 it. sec, sink speed show no improvement ~n bump impact loads due to the valve pre-
loadt. On the other hand, the bu tip impart loads developed in the 23 ft. sec. drop show a
slightly higher percentage reG-.ction than zzhostP previously deterinined, for the nominal,
sink speed of approximately 20 ft. sec.

The high sink speed drops also indicate that the 50- pound p reload ot the ctmton r chanibei
spr ing is suffici en? to maint.-tiin the hand -pass nvc hanisi s c i sed f\ r tht to!' range o
sink~ spceds.

I'll( c11.i () 0 1 i aiplane forward %vcl%.citv is sho\;6ii in Figures 3- 18 anid 3- 19. Tri~t fir st
figure tis the niain niass ac c ele rat io~ vs. st rut sI ro)', !.ir a orward vel)cit 'vot 2300 in. Set'
1w'.,YtA ~)lt igure shows the samre variables fo~r t fo~rward ., oloc ity t~f 3400. It c an bc
seen thait huip nimpact h1)idds increa-se with I'lloc !ny The velxivilt Kallned Ill ustc ;;
Owi b.anId-pass ehianlism IIIs lea-s: for the t- ' i ixIi !rcht-
t~e~t-m stro)ke pi.sitiion. ho~wever. 01 thr-i ',~WA! clhok0 1z~t nomiwnal. 2300)
III s uc. and 3ý00 In. sec result ; o At J ap ~X1 "'IkI t A a n It, A1 t 1'ý I k 1 1p II I)I, m tIIt 10i

Wiht maIn[ D As~ .u 0 at , II

3. .3, t11o g. !'jIn t W is 1" stid.edi slý iii 'A~. I :1'.i1144i ol !ht t' lurst' Il!
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The effect of A. 3 is shown in Figure 3-20, in which the main mass acceleation brought
on by bump impact is plotted against Ao3. Here, the ratio of A. 3 to A was not main-
tained fixed so that the smaller values of Ao3 would require a preload°farger than the
nominal value of 50 lbs. Therefore, runs were made with both 50 and 100 lb. preload at
the lowest value of Ao 3 (.005 in. 2 ). Comparison of the points for the bump impact, at
eight inches of stroke, reveals tLe same general trend previously seen in Figure 3-7B.
However, the points for the bump impact at 16 inches of stroke seem to violate previovs
contentions that decreases in Ao.-.decrease the load transferred to the main mass,
since the orifice size results in > r incremental main mass acceleration. The
reason for this is the severe instability encountered with the combination of reduced inlet
orifice area and reduced dynamic chamber volume. Extreme fluctuations in the P1
pressure resulted from the valve instability thus increasing the main mass acceleration.
The optimum value on Ao 3 appears to be in the vicinity of .010 in. 2 .

The effect of Ao 2 on main mass incremental acceleration is shiwn in Figure 3-21.
Since increasing Ao 2 decreases Ao 3 /A 0 2 , higher preload is required for the higher values
of Ao 2 . The combined effect of increased Ao2 and increased preload at the larger values
of Ao2 bring about higher loads for the bumpimpact occuring at 16 inches of stroke.
Reducing Ao 2 increases the ratio of A,311A 2 thus resulting in higher loads. The optimum
value of Ao 2 appears to be in the vicin'?ty o? .001 in. 2.

The effect of v3 on main mass incremental acceleration is illustrated in Figure 3-22.
Here the nominal value of 3.0 in. 3 is near optimum. Increasing v leads to instability
and severe fluctuations in the dynamic chamber pressure. The 285 ft./sec. 2 increase
in the main mass Lcceleration for v3 - 5, in Figure 3-22, is not precise since tO. com-
puter overloaded during this instabilit), exaggerating th, Pl pressure fluctuation,
However, the accelerations developed prior to saturation were considerably greater than
those developed for v3 - 3.0.

A similar afflct is obtained by decreasing A. 3 . The instability resulting from reducing
A.,j to .50 in. is shown in Figure 3-13. Incteasing A to 1.00 in. 2 alleviates the
instability, but increases the main mass incremental Rcceleration. Figure 3-23 indi-
cates that the value of .785 in. 2 is near optimum for this parameter.

The effect of preload on the main mass incremental acceleration is shown in Figure
3-24. As expected, reducing preload dfcreases the main mass incremental acceleration.
Reductions below 50 pounds cannot be tolerated however, since this would result in
the band-pass valv4 opening for .ink speeds in the vicinity of 23 ft./sec.

3-51



C~j

C!- ý

a 004

- 00

Cd0

0 1

I1 CO0)

4 -i _CIA

.3gf/JA NOLLVUZI333v



I -

to b

oJ a

-3-5



-. lop .......... E

rn 0

'D /'LI-OI I'•I I 0.

A

0-
*4)

-CP - -N4

46..

C4I.

3-54



1410

;0o'C

WN.

----- - 4 --
4 - -4-.- .-.----.----



Q

E
I-.-. 4- -4--- -

-' �

- 4 -4 -+ - 4----.--

I t �

0.4
- .-

-o �

-�-1�-*---___ -- 4

-4
I I

A '- .-

4- '-

- 0

--- 4-- - ii - -o
I-. -�-.-Th� 4* 1 1 0

± IV

- 1

I I-i

-t A1--?
- I 4..

- � C

-� S S
.4. C'�i -

- NOLLVZ�1�33¶1



GENERAL CONCLUSIONS FROM ANALYTICAL STUDY

I., A low pass hydraulic band-pass mechanism can be adcapted to modern airplane
landing gca!- shock atrutc to reduce thn loads t-anammtted :o the airframe.
The load reduction that can be realized by such a device is on the order of 50
percent of those additional loads imposed by high frequency bump input occuring
during landing impact.

2. A band-pass mechaniem within the shock strut will not significantly reduce
impact loads on the wheel and tire.

3. The design of a band-pass mechanism for any given landing gear application
can be carried ovt using the simplified model derived in this study. Parameter
adjustments to obtain near optimum performance of the unit based on the
simplified model agree with those of the model of the complete landing gear
system.

4. The natural frequency of the valve should be within the following range

where X = wave length of input bump load
V = forward velocity of airplane

5. Preload of the valve can be determined from Equation (7). Valve preload
should be adjusted to a value slightly above that resulting from the highest
stroke velocity during landing impact.

6. A band-pass mechanism for the A3J- 1 shock stri. should be desigied to have
the following numerical values for its parzameters:

Ao2 - .001 in. 2

A0 3 - .010 in. 2

A - .785 in. 2

p3 . 10.0 in.2/in.
K8 - any value convenient
M3 a .00035 to .00070 lb.sec. 2iin.
R a 50 lbs.

A preliminary design of such a valve is shown in Figure 3-25

7. The analytical study indicates that stability will be a limiting factor in
design. If the stability question wLQ not of concern, several of the above
parameters could be adjusti d to give greater attenuation of bump impact
loads traznmitted to the airframe. The problem of valve stability will have
to be carefully examined in the experimental phase of the program.
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SECTION IV

TECHNICAL DISCUSSION -

EXPERIMENTAL PROGRAM

Test Request SDT-3528 was written to cover the experimental program. The theoretical
program gave methods of design and optimization of a band-pass urit for application to
any particular shock strut. The purpose of the experimental study was to confirm these
methods by correlation with the computer program.

TEST SET-UP

The modified A3J-1 MLG was mounted in the drop tower above the 120 inch dynamometer.
(See Figure 4-1). Spacial geometry at the att'hchment points simulated the actual in-
stallation of the landing gear in the aircraft. Safety cables were attached to the hoist
used for raising and lowering the overhead platfforin These czbles were a safety feature
providing means. for raising the platform rapidly in case of failure of any part of the
landing gear. These cables however, did limit the drop height to that providing a 19.6
foot per second impact velocity.

Two different types of cable throwing devices wei e used. The .irst was a steel tube with
one end modified to hold the cable. The other end of the tube was pinioned so that the
tube could swivel over the dynamometer wheel. Four inches of cable rested on this tube
with the remaining cable o--'erhanging the flywheel. The tube was spring loaded and held
in place by a magnet. Whei; a drop was made, the platform activated a switch which
released the cable. Proper location of the switch determined the position of strut stroke
at which time the cable would pass under the tire. This type device proved not too
successful. The main problem was to develop sufficient for ce to force tae cable segment
between the tire and the flywheel. A second device was fabricated whereby the cable was
pulled along two guide rods and under the tire by two aircraft shock co'.'ds. These shock
cords, acting as springs, were stretched before the release of the dco-, rig. When a drop
was made, the rig would throw a switch which released the cable. By a~oving the switch,
the time at which the cable went under the tire could be altered.

This system, although workable, was not completely adequate. In retrospect such e_. a•g
on a dynamometer flywheel is not recommended for the future.

SPECIMEN

The band-pass unit, Bendix Assembly Number RXD-18342, was designed for the North
American A3J-1 Main Landing Gear. Detail drawings are numbered R)X-18343 through
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Figure 4-1. A3,J-1 MLG Test Installation
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RXD-16bi#2. The orifice support tube was the only part of the A3J-1 strut that had to be
modified In order to install the band-pass unit nto the strut. The additional weight of the
unit is approximately eight pounds.

The strut was a left hand main landing gear shock strut, Bendix Assembly Number
170687. The metering pin and orifice used had Bendix Part Numbers 170777 and 170764
respectivp~v. This was the metering pin - orifice combination that was developed in the
S-endix drop test and has the orifice area used in the analytical studies. Figure 4-2
shows the band-pass mechanism.

INSTRUMENTATION

A Consolidated Electrodynamics Corporaticn Recording Osc.llograph, Type 5-114-P4 was
used to obtain traces of vertical fork load, strut stroke, rig acceleration, une-prung
mass acceleration, air pressure, hydraulic pressure, the pressure in the band-pass unit,
the band-pass v"lve travel, and an indication of when ihe cable was underneath the tire.
These were recorded with respect to time. The methodo of picking up the individual
parameters are described in the fotiowing paragraph.

Vertical Fork Load

Several strain gages were mounted on the fork and the output of gages measured for
vertical load and for drag load. Two gages were wired in series to cancel out the inter-
action of drag load and the output of the gages recorded on the oscillograph. However,
the vertical and drag loads applied during calibration were low in comparison to the
drop loads experienced. Also, the effect of side load is unknown. For these reasons, the
fork load was used as an indication of the relative loads and not a measure of the actual
load.

Strut Stroke

A sliding contact on a wire was used to obtain an oscillograph trace of the strut stroke.
The linearity trace was proven before the test was started. The stroke is calibrated by
physically measuring the maximum stroke after each drop and equating this to the maxi-
mum deflection on the oscillograph.

Rig Acceleration

A Statham accelerometer was mounted on the rig near the center of gravity. This
acceleration is linear for the range measured. A calibration oi one 'g' can be measured
during free fall for each record.

Unsprung Mass Accelerometer

A Statham a.ccelerometer was mounted at the axle on the fork side of the strut. The
calibration factor for this accelerometer is 100 g's.

Air Pressure

A precalibrated pressure capaule, was used to measure the air pressure. This capsule
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was mounted at the filler plug. Calibration of the capsule is linear and the calibration

factor is 610 psi.

Hydraulic Pressure

The hydraulic pressure below tbe orifice was measured by drilling a hole in the meter-
ing pin diaphragm. A precalibrated pressure capsule was attached to the diaphragm at
this opening to create a continuous passageway to the capsule. Calibration of the
capsule was linear and the calibration factor is 3850 psi.

Internal Pressure in Band-Pass Unit RXD-18356

Part RXD-18356 was instrumented with strain gages to read hoop tension. The output
of these gages was measured as a functio- of pressure. The calibration of these gages
was linear and the calibration factor is 879 psi.

L.-'and-Pass Valve Travel

The travel of the slide valves in the Band-Pass Unit was measured by using a Bently
distance detector system. The sensing head is a pancake-wound coil which is loaded by
the pressure of any conductive material. The distance the conductive material moves is
determined by voltage change of the control unit. This is measured by galvanometer
deflection on the oscillograph. The calibration of oscillograph deflection versus valve
travel is in Figure 4-3.

Time of Cable Impact

A wire was attached to the cable that would break when thE cable went under the tire.
This broke the circuit to the oscillograph causing an abrupt galvanometer trace
deflection.

TEST PROCEDURE

The gear with the band-patis unit installed was mounted as previously described. An
extended strut air pressure of 186 psig was used for all drops.

A tire pressure of 250 psig and the band-pass unit blncked was used to start the test
work. Initial drops were made at a low drop height and the drop height increased in
increments using the cable for all drops. This was done to es~ablish the size of the bump
impact. Even though the cable was going under the tire at or ne•ar the peak load, the load
increase due to the cable was small.

The bump impact would be worst, i.e. have higher load increase at or near a flat tire
condition. Therefore, the tire pressure was reduced in 25 psi increments. At 175 psi
tire pressure and 15 feet per second sink speed the incremental load increase due to
the cable was significant.

The test program was continued and finished using 175 psi tire presoiure.
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An outline of the conditions and the drops made at those conditions follows:

1. Normal Strut Confi uration (i.e. No Band-Pass Unit) Part II SDT..3528.

A. Without cable, (normal drops).

B. With cable.

Both made at 10, 12, 14, 15, 16, 17, 18 feet per second sink speed, Graphs of
strut load versus stroke have been plotted for the above and appear iJn Figures
4-4 to 4-10.

II. Nominal Band-Pass Configuration Parts I and M SDT-3528 .001 outlet orifice,
.010 Inlet Orifice, 60 pound preload on spring.

A. Without cable.

B. With cable.

Both niade at 10, 12, 14, 15, 16, 17, 18 feet per second sink speed.

For Part I and 11 the lower drop heights, under 36.5 inches which is 14 feet per
second vertical velocity, the cable impact load is small enough so that it is hard
to distinguish normal variation of the load curve from the cable impact loads.

Graphs of strit load versus stroke have be,-n plotted for the above and appear on

Figures 4-11 to 4-16.

III. Parameter Changes - All drops at 17 feet per second made with and without cable.

A. Oil Volume Change Part VII SDT-3528.

1. Reduced 35% (Maximum change that could be accom',lished).

2. Reduced 25%.

B. Nominal Oil Volume - Change inlet and outlet orifices so that t,,- ratio of
areas was 10. Pprt V SDT-3528.

1. .002 Inlet .0002 Outlet.
2. .005 Inlei .0005 Outlet.
3. .0M5 Inlet .0015 Outlet.
4. .020 Inlet .0020 Outlet.

C. Inlet orifice changed, outlet constant so ratio changed. Therefore spring
preload had to be changed (Nomini' n10, .001 60 lb.) Part VI SDT-3528.

1. Inlet .005, Outlet .001 (Nominal) Spring Preload 125 Pounds.

2. Inlet .015, Outlet .001 Spring preload 40 pounds.

(text continued on page 4-25)
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Figure 4-21. Band-Pass Test, A3J-1 MLG, Drop Height 54 Inches, Band-Pass
Unit Operative, Inlet Orifice = .002, Outlet Orifice .0002
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Figure 4-22. Band-Pass Test, A3J-I MLG, Drop Height 54 Inches, B and-Paiss
Unit Operative, Inlet Orifice = .002, Outlet Orifice = .0002

4-17



50,(000

CA"I E IMPACT

40,(100

30,000

- A A ,-~20. Dw

4-23. N I-- U-

Fure-23. Band-Pass Test, A3J-1 MLG. Drop Height 54 Inches, Band-lPass
Unit Operative. Inlet Orifice .005, Outlet Orifice .0095

I

60,00C .

""4ll h"!M; N

4 16



CABLE IMPACT

10,000 .. . . - • . ...

JT,400 -C

... *. 288

1 3 4 5 8 71 8ý0 10- IIl 12 1.1 14 15 16 17
STROKE - INCHES

Figure ',-25, Band-Pa ,.;s Test, A3J-1 MLG, Dru-i 11 -iglht 5 4 Inches, Ba d- ass
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Figure 4-27. Band-Pass Test, A3J- 1 MLG, Drop Height 54 Inches, Band-Pass
Unit Operative, Inlet Orifice .020. Outlet Orifice = .002
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Figure 4-33. Band-Pass Test, A3J-1 MLG, Drop Height
54 Inches, Band-Pass Unit Operative, Spring - 115 Lbs.
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54 Inches, Band-Pass Unit Operative, Spring - 125 Lbs.
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Figure 4-35. Band-Pass Test, A3J-1 MLG, Mean Load vs. Incremental Load
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D. Nominal Conditions Except preload on Spring 125 pound Part WV SDT-3528.

Graphs of strut load versus stroke and wheel load versus strut stroke have
been plotted for the above and appear in Figures 4-17 to 4-34.

Two of the Fraphs differ from the others to a degree that requires explanation.

On drops 280-281 (Figures 4-71, 4-22) the band-pass unit opened upon tire
contact with the dynamometer. With the unit open, the net orifice area is in-
creased which decreases the hydraulic force. In order to absorb the energy,
the strut stroke is increased. On drop 281, the unit "losed earlier than It did
for drop 280 which means that after the unit closes, the load goes higher and
the stroke is lesb on drop 281.

On drop 282 (Figures 4-23, 4-24) the unit opened prematurely, which lowers
the load early in the stroke, then the unit closed at mid-stroke and the load
was increased in the latter portion of the stroke.
The high sink speed rates asked for in Parts IX and X of Test Request
SDT-3528 could not be accomplished in this drop rig.

TEST RESULTS

The cable load on drops 193 and 194 compared favorably with Lte analytical work done on
this gear which is covered in Bendix Report SH-61-1. Graphs of load versus stroke for
these drops are in Figures 4-8 and 4-9.

It appears that unless the :able goes under the tire at a nearly flat tire condition that a
large portion of the cable impact is absorbed by the tire.

Cable loads of the size and shape of drops 193 and 194 were not encountered with a
nominal band-pass unit installed. For this reason it is inferred that the unit does reduce
the strut load. A direct comparison o, the size of the bump impacts is clouded with other
factors. If the cable were induced under the tire wher the load was level, and evaiuation
of the unit would be more meaningful. If the cable goes under the tire when the !.ire is
unloading there is not a big bump in the load curve for the unit to react. As an illustra-
tion see the graph on drop 230 in Figure 4-15.

In order to get a comparison a graph of meaw load versus incremental load was drawn
for the cable impacts. The mean load is the load at which the cable was induced into the
tire print. The incremental load is the increase in load as the cable goes under the
tire.

This graph in Figure 4-35 shows a definite impr4ve-rrent with the band-pass unit. Fro.n
the two lines indicatcd, without band-pass and with hand-pass, the re1',.ction of tile
incremental load is nearly fifty precent. While the band-pass unil reduced the size of
this impact load transmithad to the airframe the wheel loads do not show a change with
and without the unit. This Is an important result. Figures 4-36, 4-37, 4-38, and 4-39 are
oscillograms of drop tests that fall on the extremities of the two lines,
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The change of various parts of the band-pass unit were made to see if an improvement
in the performance of the unit could be accomplished. None of the changes indicated an
improvem-nt, some indicated no change in the performance and others indicated a
worse performance. The following is an accounting of the changes.

I. Oil Volume Changes

A. Reduced 37" - Cycling of the band-pass valve occurred. (This result agrees
with the theoretical studies).

B. Reduced 251) - No significant change.

II. Nomina! Oil Volume. Change inlet and outlet orifices together sc that the ratio of
areas was 10. (Nominal .010 - .001).

A. .002 Inlet .0002 Outlet. This change resulted in opening of the valve upon tire
contact with the dynamometer.

B. .005 Inlet .0005 Outlet. (Same comment as .002 - .0002).

C. .015 Inlet ,0015 Outlet. This change did not seem to alter the performance on
the unit.

D. .020 Inlet .0020 Outlet. This change did not seem to alter the performance on

the unit.

HI. Ratio of the inlet to outlet changed along with the spring load.

A. Inlet .005 Outlet .001 Ratio 5 125 lb. spring. No significant change.

B Inlet .015 outlet .001 ratio 15 40 lb. spring. No significant change.

IV, No:minal Conditions except for 125 pound spring load. The stiffer spring did not
allow the unit to open.

In essence it appears that 'he parameters investigatod have a fair degree of tolerance
before the ui-it is adverselv1 -dfected,
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SECTION V

EVALUATION OF RESULTS,
CONCLUSIONS AND RECOMMENDATIONS

THEORETICAL ANALYSIS OF McDONNEL F4H-l MLG MODIFIED TO INCLUDE BAND-
PASS UNIT

The work accomplished during this phase of the program included the following items:

1. Incorporation of changes in the mathematical model as specified in the contract,
namely modifications of the model to take into account the pitch angle of the
landing gear and airplane.

2. Changes in the rmathematical model found necessary for simulation of the cable
impact phenomena, namely, modification of the tire model to one having regions of
differing elasticity and modification of the bump contour to simulate the tire miode
shape.

3. Computer investigation of the F4H-1 ML. system with a band-pass unit for

normal landing and bump impact conditions.

4. Analysis of computer results.

5. Investigation of possible modifications in the F4H-1 MWG to make it adaptable to
a b,,nd-pass unit.

It was concluded from the computer results that a band-pass unit will riot function
properly tn the F4H-l irain gear. The inability of the band-pass unit to function was
traceW to the presence of the high pressure air chamber in series with the strut orifice
flow.

Based on analytical studies of a conventional system it was concluded that a conventional
gear shdild not have thiii same difficulty. The band-pass iumit should be able to antici-
pate the high lo&,d from bump impac! due tc its sensitivity to the rate of pressure buildup
in the dynamic pressure chamrber of the strut.

Based on studies of the F4H-1 gear structure It was determined that mechanical changes
in the gear could be m,'e to eliminate the time lag effect of the high pressure chamber.
Such changes would require a "paper" redesign of the pin configuration to duplicite air-
plane characteristics.
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It was recommended that the band-pass development program be continued using
another more conventional landing gear system, such as the A3J-1 or the F9F main gear,
rather than a modified F4H-1 main gear. The simulation achieved in this study was
felt to be sufficient to warrant a more extensive analytical study of the band-pass
principle, as applied to the landing gear shock strut, than that originally proposed. Such
an extension would allow the detailed study of the loads transmitted into the wheel and
unsprung mass by bump impact in addition to the study already proposed in which band-
pass was to be evaluated on only the net improvement it provided in the loads transmitted
to the atrfra'ne proper. In addition, miscellaneous exploratory studies such as that
undertaken to improve the tire model, were felt to be in order in this study.

THEORETICAL ANALYSIS OF NORTH AMERICAN A3J-1 MLG MODIFIED TO INCLUDE

BAND-PASS UNIT

The work accomplished during this phase of the program included the following items:

1. Development of a simplified mathematic:"] model of the band-pass mechanism.

2. Linearized study of this model.

3. Analog computer study of the model.

4. Tire model investigations.

5. Study of the complete landing gear system with and without band-pass by analog
conmputer simulation.

The general conclusions from this phase of the program were as follows:

1. A low-pass hydraulic band-pass mechanism could be adapted to modern airplane
landing gear shock struts to reduce the loads transmitted to the airframe. The
load reduction that can be realized by such a device is on the order of 50% of
those additional loads imposed by high frequency bump impact occurring during
the landing impact.

2. A band-pass mechanism within the shock strut wAl nct significantly reduce impact
loads on the wheel and tire.

3. The design of a band-pass mechanism for any given landing gear application an
be carried out using the simplified model desired in this study. Parameter
adjustments to obtain nea. optimum performance of the unit based on the simplified
model agree with those of the model of the complete landing gear system.

4 The natural frequency range of the valve was determined.

5. The spring preload of the valve was cetermined.

6. Parameters for the design of a r.and-pacs unit for the A3J-J MLG were determined.
A prelimaary design of this mechanisn was made.
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7. The analytical s~tudy indicated that valve stability would be a Lwiuting design factor.

EXPERIMENTAL ANALYSIS

The test program was brought to a successful conclusion but not without overcoming a
number of extremely &I ffi,!ut problem areas. It would be more proper to say that some
of these problems were partiaUy overcome. The siriulation of actual aircraft landing
condit'ions by laboratory methods cart never be 100% accurate. Now, when we consider
the simulation of some of the most severe overload landing conditions, the accuracy
level is greatly reduced.

The North American Band-pass modified A3J-1 MLG was mounted in the drop test
tower above the 120"' dynamomieter as described and illustrated in Section TV.

One of the first problemns arises in providing horizontal velocity increments through
rotation of the flywheel rather than strut velocity relative to the ground. Flywheel
curvature affects spin-up and spring-back loads ani the tire footprint configuration as
well as loading. The steel flywheel surface provides a variation of tire friction
coefficient especially since thn tire rolls over the same surface many times. The above
tactors can be neglected or considered minor, in a large number of tests that can be
performed in this facility. However, when we compound the situ~ation by throwing 2. ste d
cable between the tire and the fiywheel at an irnstart at which we hope the tire is flat,
flLmerous problems arise.

The landing condition to be simrulated in the test program was as follows. An aircraft
Carrier landing occur8 dý; ing which the tire, irn a nearliy flat condition, impacts one or
more arresting cables. A second laboratory simulation problem arises in that sufficient
load must be deveLped at time. of cable encounter :o flatten the tire. If we faithfully
reproduced this condition, landing gear failure could result. Numerous variations of
Lre pressure and drop height were required to establish reiasonable incremental loading
from cable impact without attendant tire or wheel failure.

A third problem was the introduction of the cable between the (.-re and the i1yw~heei. [he
cable-throw mechanism used in the first series of tests was adpisted so 'hat timing was
fairly repeatable. However, the cable segment marny times would not be accepted between
the tire and the flywheel. Vario-js shaped ann diarnielered segmients wet.re tried to
alleviate this problemi. Eventually, a new cable-throw miechanism, As discussed it-
Section IV, was muilt. This inechanigni proved betler but not comple;ely SUCceSStUl. OF,
several oc-asions. the mechanism iAiled and %kas tilrr apart, resultiiy, in rebuilding
delays in 1the programi.

The sf,ýfety of operating personnel was of prinic conergin. There were mai~in. in idctit,.
cable ta'!ure or ricoc-het aftei he segment passed betw*een the tire and Ihe i~ivwhvt-1,
blown tiress, failure of the throtv £'echanisni cOumpxr~ents, and -,;heell and tivwh:eti ALiniage.
No ont. WAS injut ed during the couese off (he prograri.

In addition to thiý above special problems, .s the general probleni id rtPjvt~athiiitty. Ký .~
with conven~tional -shock struts, there is vArialtion in lOAdS develo~pvd for ident ical
conditions. Loads vary tot ine Same s'uock struta at- Well AS for those within at cellain



type. Add to this the complication (•: i•n internal band-pass unit and the problem is
magnified.

263 drop tests were conducted during the progr- It was difficult, because of some of
the factors mentioned abov , to clearly define o tative results. Qualitatively, the
experimental drops correlated with the a alytical suits.

OVERALL RESULTS AND CONCLUSIONS

Results of the overall program can be summarized as follows:

1. A mathematical model was constructed and equations ,:erived that successfully
represented the impact of an aircraft landing gear with the ground and subsequent
impact with an arresting cable.

2. Th, nonlinear equations were linearized and rt ulting solutions were adequate.

3. The theoretical analysis was used to design optimum baud-pass units for the
McDonnell F4H-1 MLG and the North American A3,-1 MLG.

4. A band-pass unit was fabricated and incorporated into a modified North Amerirc.ui
A3J-1 MLG shock strut.

5. The band-pass modified A3J-1 landing gear was mounted in the drop tower above
the 120-ih dynamometer Two different cable-throw mechanisms were designed
and installed. The test program, inciuding kiand-pass unit optimization studies,
was run to completion.

Details of the res. Its and conclusions have been (*es,.ribed in previous sections. A
summary of some of the most important conclusiona follows-

1. A band-pass unit can be designed through a compiter program. In the case of the
irodified A3J-1 MLG sho( ; strut, an analog conputer was used. The mathema.acal
model. equation-, and Smpli.:cations ,'ere aC'-*uate to evaluate any given system
and design an optimum urqit ,'or any g, en strut.

2. A band-pass modified shcck strut alleviates incremental iuads into the aLrcraft
structure through ti-, vear attach points caused by arresti-g cable impacts. Both
'heoretical and ex., -.mental resuits indcate that the reduction in 'nrrenmental
Io,'d is up t() 50 ,t.

3. A bann pass amdified shock strut does not alleviate. to any Appreciable degree,
those incmemental loads into th, unsprung mats of the landing gear cause:.!
arresting cihle impact. By ansprilng mass, we refer to the tire. wheel. avle and
infar shock strut cylinder. This is due to the impossibility ()of ACC',)erating the
unspru,,pg :n',,s d6iring the short v-,pait duration.

4. The band-pass u...' dotc, not interfere with normal landing gear opurattin, Neiththr
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is it sensitive to small parameter variations.

In conclusion, it is recommended that the bhmLd-pass modifiedi shock strut be further
terted at soune future date. These tests could be airci aft taxi tests or runs on the
Langley Landing Loads Track. It would be possible to test under more extreme impact
conditions.
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APPENDIX A

McDONNELL F4H-1-MLG

THEORETICAL STUDIES

GENERAL.

A schematic of the first type of band-pass mechanism installed on the orifice support

tube is shown in Figure A-1. This particular mechanism has two functions. The first

function is to provide an orifice area which is sensitive to the strut stroking velocity.

The second function is to provide a mechanism which allows a free-flow fluid to return

into the lower chamber during the re-extension portion of a "bump" cycle without

civitating the lower chamber.

The first function is achieved by locating a chamber above the plunger assembly and

allowing restricted flow into this chamber from the lower chamber of the strut. When

the strok- velocity is hiprh,the flow into the control chamber will occur at a nigh rate.

For this condition, -he pressure drop across the orifice A0 3 is large so there is a net

upward force on the plunger assembly causing it to rise and incr'ease the orifice area

Ao. When the stroke velocity is low, the pressure drop across A, 3 :s small and provides

a sufficiently high preload in the return spring to reseat the assembly, giving the mini-

mum orifice area.

The second function (that of a dump valve io allow near free flow back into the lower

chamber during short re-extensions) is achieved by adjustment ot the areas Ap3 , A4 1 ,

A5 2 and At. When P 2 Is greater than P1 the net force on the plunger assembly is upward.
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Figure A-i. Schematic of Type I Band-Pass Mechanism
Installed in Orifice Support Tube
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A third function (that of frequency sensitive snubbing action as mentioned in Reference

1) has been omitted since the type of snubber shown in Reference 2 will not operate

properly, for a three tube strut. This is due to tk'e fact that high pressure acting over

the area Ac re-extends the strut and cavitates the lower chamber - even with the

snubber spider c.ompletely closed. To be effective, a time lag snubber must be located

between the inner and outer cylinder and the upper ad lowt-r bearings.

The Type II band-pass mechanism is shown in Figure A-2. The basic principles of the

mechanism are the same as the Typu I unit except the functions have been separated.

The reason for consideration of this type of unit resulted from an examination of the

equations of motion for the Type I mechanism. In order to derive some indication as

to how the Type I unit would perform under given conditions, (i.e. the interrelationships

between the variables of the unit) a complete solution should be run. This makes it

extremely difficult to design a unit since "rules of thumb" cannot be developed. On the

other hand, the oporatio,, of the Type II unit does not involve large interplay between the

dump valve functioning and the frequency-sensitive orifice function. Thus, even withokut

the complete solution of the equations of motion of the svstem, "rules ot thuwib'" 'aj t,

developed for the Type II unit which allow the preliminary design of the band-pass, unit.

Such items as tne orifice areas Ao 3 2-nd Ao2, the piston area, A, 3 , and the syring and

mass in tile unit can be determntnd by considering maximum vesp)onse time, tl, w\ att,

as a function of orifice size, and other critcria.

The Type II band-pass mechanism reprosents the most leasible design problem and was

used in the analytical studies ,f 1 ask 1.
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Figure A-2. Schematic of Type II Band-Pass Mechanism
Installed in Orifice Support Tube
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DERIVATION OF THE EQUATION OF MOTION - TYPE I BAND-PASS

The followin, analysis considers the landing gear as a five degree of freedom system.

The five degrees of freedom are: Z1, the vertical motion of the anain mass; Z2 , the

vertical motion of the unsprung mass, Z3 , the vertical motion of the control piston of

the band-pass mechanism; Z4 , the vertical motion of the band-pass plunger; and x, the

fore and aft motion of the lumped mass at the axle.

A free body diagram of the main mass is shown in Figure A-3. The forces acting on

the main mass consist of:

(1) t.- - ,ressure P 2 acting over the area Ap2

(2) the pressure P 6 acting over the area between the innpr and outer cylinders

(3) the pressure P 1 acting over the area Apl

(4) a lift force L

(5) the weight of the mass Ml

(6) a bearing friction force of Ff.

The equation of motion for the main mass is therefore

M IZ ;ýL+P2Ap 2+P iApl-P 6 Ap 6 -M 1 g+Ff = 0 (1)

During compression of the strut the pressure P6 is nearly equal to P 2 since the snubbing

valve located between the inner and outer cylinders and between the upper and lower bear-

ings allows essentially free flow into this chamber. If a time lag snuhher is used, the

same is true for rapid recycling of the strut since the snuboer would not have time to

seat and restrict flow out of the chamber. For shock absorbing during impact, the

snubber valve would have no effect until some time after full compressive stroke was

reached. The action of the snubber therefore is not included in this analysis since it

may be analyzed separately. ThLB it Is assumed that P 6 a P 2 . A free body diagram of
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the unsprung mass is shown in Figure A-4. The vertical forces acting on this mass

are:

(1) the pressure P 2 acting over the area Ac+Av, which is the end area of the

inner cylinder

(2) the pressure P1 acting over the area ApI

(3) the pressure P 6 acting over the area between the inner and outer cylinders

(4) the weight of the unsprung mass

(5) a vertical force from the ground, Fv

(6) the friction force Ff. With P 6 = P 2, the equation of motion is

M 2 Z 2 Fv-P1Apl-P2Ac-M2g-Ff 0 (2)

The vertical force, Fp, is a non-linear function of the tire deflection, 6 • This will be

discussed in more detail later.

1he pressure P 2 is caused by the c')mpression of pressurized air con:'uinedc in the upper

chamber. Due to the flow of heat between the fluid aand tne air, the compression process

is nearly isothermal for moderately large stroke. For short strokes the process is

more likely adiabatic bA, since trie compression ratio is low, there is very little differ-

ence between isothermal and adiabatic processes for short stroke. In Reference 10,

page 24, it is concluded that the variation of the polytropic constant between 1.0 and 1.3

results in only secondary effects on loads and deflection. In this analysis the process

will be considered as if.othermal for the reasons mentioned albove

P2 . -_fý _
1-(Ap2-A6)8 (3)

VG

s a stroke of piston
where Vo = initial volume

PO = initial air pressure.
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The effect on the pressure P 2 of volumetric changes in the oil due to its compression

?ýre assumed to be accounted for by the use of the lower polytropic constant.

The pressure P1 is related to P 2 through Bernoulli's equation which in simplified form

is

v2 (Pl-P2) (4)
v2: P -P2 I

where v 2 * velocity of fluid through the main orifice. The quantity v 2 is determinee. fro6A,

the continuity equation defining the flow out of the lower chamber, which for compress~ble

fluid *- given by

CDAov 2+CDA o3v 3  B (5)

V = volume in lower ch 4-. nbcr
where B bulk modulus of oil and cylinder

V3 = velocity of fluid into control chamber.

It can be noted that the total volume in the lower chamber is changing with stroke.

However, V/B will be considered constant in that the only time its effect is sýgnifi,'ant

is for high-frequency low-amplitude operation, under wýLch condition it is essentially

constant,

Agani from Bernoulli's equ-tion the velocity of flow into the, control cnamtwers is given

(6)

"The orifice area A, 13 iiven by some function of (Z 3 -. I) - which is the pl-.nger
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disolacement relative to the orifice plate. This function will be designated, q.

As 2 q (Z 3 -Z 1 ) (7)

The flow ,.ut of the control chamber is given by

v4 P -P (8

The continuity equation for the flow of fluid into the control chamber is glven by

C DAo 3 V3 -CDAo 2 v4 : ( 24 -Z 1 )Ap 3  (9)

A free body diagram of the plunger mech~anism is shown in Figure A-5. The plunger

mechanism can become linked to the cort-'ol piston when the retraction collar comes in

contact with the upper surface of the plunger cavity. The possibility of the retraction

collar coming into contact with the lower surface it Pxcluded.

From Figure A-5, the equation of motion of the plunger is

M3 (Z3 -g)*KmkZ 3 -Z 4 )+R3 +P1 A53 -P 2A5 2 = 0 (10)

As was the case with the ptunger, the force R2 is introduced to take the place of the

spring preload and the coordinatesof Z4 and are chosen such that, when impac.t

occurs between the retraction collar and the plunger assembly, (Z 4 - Zl).

"rhe reaction R3 supplies a fot ce resulting from the preload of the main spr ýig. It

could he eliminated by the proper select~on of Z30 and Z40 out it is desired that Z3 and

74 ahould be on a acale such thAt, when Z3 a Z4, .nm•pact between the orifice -!ate and

thc plunger takes place.
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Figure A-C-. Free Body D~iagramn of Piuager
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Frorn Figure A-6, the equation of motion of tht control piston it

M4 (z 4 -g)+Kr(Z4-Z1)+Krn(Z4-Z 3 )+P 2A4 1 -P 3Ap 3 -R 3 +P1At+R2 . 0 (11)

L

A4 1

IN

ii

~:r

Figure A-6. Free Body Diagram o! Control PNotons

Mathematical Model for Imlnict Between and Plunger and the Contrci Piston and Between

the Plunger and the OrIfIce Plate&.

It Ii assumed that there is no loos In kinetic energy nor momentum auring impact be-

tween either Mt and M3 or M2 and M3 . This assumtXion leads to a relationship between
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the respective velocities of the mazses before and after impact. Denoting velocities

before impact by the ziubscript B and velocities aiter impact by the subscript A, then

for impact between M, and M3 (impact occurs at the time t w"Pn Z3 Z1 and '3> 1 )

ZiA :1+-f (2i3B+•Y-IiB) (12)

a 3A * (+-iyB+ (1[--]i 3 ) (13)

where "y -!MI (13a)
M3

Similarly for impact between M2 and M3

iZ:+ I 2i3B+($-I] 72B (14)

and

?3A-+ (202B+ 1-]Z3) (15)

where

M2s. -3- (I 5a)
3

Tiou reactions R2 and R3 are made compatible with the abxove and the true prel)ad.

The tcquati,•s of motion after the impact for the various txdies will remain the same as

1hose htdrr IMpacI vcept that the initial conditions wi'l be such that t a t c0, ZI = 7,A,

mi' " aIIA where ti ti !he time of impact.
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Fipre A-7. Kinenmatcs of Impact with a Bump

Tte vertical motion of the main mass during bump impact is gi•ve by the following

equation drawn from ricure A-7.

.,,. [b.+ -,.,-& ( )] - [%+I-.] . t1- A --

sad the vertical motion of the unIprusg mass Is givwi by

4z,. [boit 0-S]- [Ro] - b-&

Tbhe two equatios may be replaced by the more cvvemnlmnt ones of

a a h (V.i).2 2  (16)
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and

S = ZI-Z 2  (17)

The force Fv used in equation (2) is a function of t , te tire deflection

Fv : f (b) (17%)

The friction force Ff is found by consideration of the free body diagram of the piston.

Taking moments at point A

mNlr---,N 2rl-FvL+Fnl-N 2(a-s) = 0 (18)

Taking the summaLion of forces in the horizontal direction

Nl.N2+Kx a 0 (19)

and from the free body diagram of the wheel.

Mi,-Kx-FD = 0 (20)

The iriction force Ff used previously is given by

Ff a (MN i., ( - (21)

Taking the sUmnMdtion of torques acting on the ?ire givei,

I dw (2
d-tL- - F[)R (22)
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The slip velocity of the tire iL givtM by

Slip Velocity : V-i-wR

The drag force is given by

FD z TIfv , V-i-wi > 0 (23a)

FD '-DTFv V-i-wR < 0 (23b)

where #. is the coeffi :ient of friction between the tire and the ground. ot will be con-L

sidered as constant In thia analysis although it does vary somewhat with the slip velocity.

',V ýen there is no tire slip, the drag force is given by

F ) I (V-i)-wR: o (24)

until

I d(V~> A>R dt R •>

at which time Fd reverts .•i' er equation (23a) or (23b). (When Fd is positive,

equation 23a is reverted to; when Fd is negative, equation 23b is used).

The above relationehips complete the analysis of the probler.. The one item which has

not been covered in zhe analysis is the freouency sensitive re-extension snubber which

is necessary for the proper operation of the gear. This item may be analyzed separately.

Its effect on the section of the system will not be significant if it operates properly.

This is due to the fact that, for impact with a bump, the landlng gear will re-extend as

Vf there were no snubber. in a later portion of the landing sequence the strut will

re-extend to reduce the internal loae- on the piston to that it balances with the static load
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on the gear. In this portion of the lawidi serpence, ths snubbir closes ad prevents

bouncing. However, this portlon of the oequece will not be conuidernd in the a~ialysis

since it la not critical.

DERIVATION OF THS MQUATIONL OF MOTION - TYPE U BAND-PASS

The equation of motiao of the main mass La identical to that for the type I bwWd-pas

M 1Zi÷L+P3pp2iPlAp1 -PA -Mjg+Ff = 0 (25)

LiAkewise for the unsprung mass with P 6 a P 2

M2 Zi2 Fv-PlAjpl-P2Ac-M2g-Ff a 0 (26)

The air pressure is given by

p0P2 P0 (27)

Vo

The velocity of fluid through the main orifice is given by

V2 a 2 (28)

The continuity equation for the flow of fluid from the lower chamber Is

CtDAova*CD'A!3v3tt,.AosB 0 ApI (z-)- P 29

The term CDA0 5 v5 is the flow through the dump valve. Tris flow takes -Lace only when

P3 > 1
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v 5 = 0 when P 2 'PI

and
V5 - _(PI P
S F - -P.- when P 2 > PI (294)

The velocity of the fluid flowing into the control chamber is

-- -- ( p ij (30)

The orifice area is given by some function of the piunger displacement relative to the

orifice plate

Ao • q (Z 3 - Z1 ) (31)

The fl.- out of the control chamber is given by

v 4 1 (P3 - P2) (32)S(P3 - P21

The continuity equation for !low of fluid into the control chamber is given by

CDAo 3 v3 -CDAo 2v4 a (Z3-ZlAp3  (33)

A free body diagram of the plunger is stu)wn below-

K (Zg-z 3 ).¾

P3 Ap3
e'T•

'M•j

SP~l Ajx:i

Figure A-9. Fre fodv rl4rarn - Plunger
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Taking the summation of forces in the vertical direction gives

Ms,(Z3-g)+P1Ap3- P3Ap3+K(Z3- Z1)-R3 -- (34S0(34)

For impact between the plunger and the orifice plate, which takes place when Z3 z Zl,

and Z3 > 7.1 the velocity of the plunger -fter input in terms of the velocities of the

plunger and the orifice plate before impact is given by

Z3A = 1 +f(2I .B+ [I -v I i3B) (35)

and the velocity of the orifice plate after impact i given by

1 IA 2Z3B + Pf-1iB(306)

where M 1
M3

Since It > > I the last equation may be sJnaplified to

ZiA 7Z1B (37)

Tne equation of motion coupling the fore and aft btrut motions • the vertical motions

are idenmical to those previously derived for the Type I band-pass unit.

P Nlr 2 - A N2rl-FvL+Fnl-Ng(a-s) 0 (38)

N1-N 2 +Kx 0 (39)

MX+Kx-FD 0 (40)

Ff At NI+.,.N2 (41)
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d
I-dr- (W) FDR 42)

FD A Fv when (v-i)-wR > 0 (43a)

FD -pFv when (v-i) -wR < 0 (43b)

FD R- dt ( ) when (v-x)-wR 0 (43c)

until

( v-x\ > I
R dt R~)>

at which time Fd reverts to either eqatý,bn (43a) or i3b). The tire deleczion is given

by

6 z h(v-k)+Z 2

and the stroke by

S = ZI - Z2

The vertical f, rce Fv is given by

Fv- f (5)

It can be noted that, in addition to the initial condition, the airplane's velocity must be

known an a function of time since for carrier landings it it not correct to assume that

velocity is constant in the period of impact.
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